
OBJECTIVES 

LESSON 10 

Nonlinear Processes 

After completing Lesson 10, you should be able to: 

1. Describe the relationship of both drug concentration and area under the plasma drug 
concentration versus time curve (AUG) to the dose for a nonlinear, zero-order process. 

2. Explain the various biopharmaceutic processes that can result in nonlinear 
pharmacokinetics. 

3. Describe how hepatic enzyme saturation can result in nonlinear pharmacokinetics. 

4. Use the Michaelis-Menten model for describing nonlinear pharmacokinetics. 

5. Describe Vm ax and Km. 

6. Use the Michaelis- Menten model to predict plasma drug concentrations. 

7. Use the t90% equation to estimate the time required for 90% of the steady-state 
concentration to be reached . 

Until now, we have used a major assumption in constructing models for drug pharmaco
kinetics: drug clearance remains constant with any size dose. This is the case 
only when drug elimination processes are first order (as described in previous 
lessons). With a first-order elimination process, as the dose of drug increases, the 
plasma concentrations observed and the AUC increase proportionally. That is, if 
the dose is doubled, the plasma concentration and AUC also double (Figure 10-1). 

Because the increase in plasma concentration and AUC is linear with drug 
dose in first-order processes, this concept is referred to as linear pharmaco
kinetics. When these linear relationships are present, they are used to predict drug 
dosage. For example, if a 100-mg daily dose of a drug produces a steady-state peak 
plasma concentration of 10 mg/L, we know that a 200-mg daily dose will result in 
a steady-state plasma concentration of 20 mg/L. (Note that linear does not refer to 
the plot of natural log of plasma concentration versus time.) 

With some drugs (e.g., phenytoin and aspirin), however, the relationships 
of drug dose to plasma concentrations and AUC are not linear. As the drug dose 
increases, the peak concentration and the resulting AUC do not increase propor
tionally (Figure 10-2). Therefore, such drugs are said to follow nonlinear, 
zero-order, or dose-dependent pharmacokinetics (i.e., the pharmacokinetics 
change with the dose given). Just as with drugs following linear pharmacokinetics, 
it is important to predict the plasma drug concentrations of drugs following zero
order pharmacokinetics. In this lesson, we discuss methods to characterize drugs 
that follow nonlinear pharmacokinetics. 
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LESSON 10

Nonlinear Processes

 

OBJECTIVES

After completing Lesson 10, you should be able to:

1. Describe the relationship of both drug concentration and area under the plasma drug

concentration versus time curve (AUC) to the dose for a nonlinear, zero—order process.

2. Explain the various biopharmaceutic processes that can result in nonlinear
pharmacokinetics.

Describe how hepatic enzyme saturation can result in nonlinear pharmacokinetics.

Use the Michaelis—Menten model for describing nonlinear pharmacokinetics.

Describe If“, and Km.

Use the Michaelis—Menten model to predict plasma drug concentrations.FPS-NP.“
Use the r,,,, equation to estimate the time required for 90% of the steady-state
concentration to be reached.

Until now, we have used a major assumption in constructing modeis for drug pharmaco-

kinetics: drug clearance remains constant with any size dose. This is the case

only when drug elimination processes are first order [as described in previous

lessons). With a first»order elimination process, as the dose of drug increases, the

plasma concentrations observed and the AUC increase proportionally. That is, if

the dose is doubled, the plasma concentration and AUC also double [Figure 10-1).

Because the increase in plasma concentration and AUC is linear with drug

dose in first-order processes, this concept is referred to as iinear pharmaco-

kinetics. When these linear relationships are present, they are used to predict drug

dosage. For example, ifa IOU-mg daily dose ofa drug produces a steady-state peak

plasma concentration of 10 mg/L, we know that a ZOO-mg daily dose will result in

a steady-state plasma concentration of 20 mgfL. [Note that iinear does not refer to

the piot of natural log of plasma concentration versus time.)

With some drugs [e.g., phenytoin and aspirin], however, the relationships

of drug dose to plasma concentrations and AUC are not linear. As the drug dose

increases, the peak concentration and the resulting AUC do not increase propor-

tionally (Figure 10-2]. Therefore, such drugs are said to follow nonlinear,

zero-order, or dose-dependent pharmacokinetics [i.e., the pharmacokinetics

change with the dose given). Just as with drugs following linear pharmacokinetics,

it is important to predict the plasma drug concentrations of drugs following zero-

order pharmacokinetics. In this lesson, we discuss methods to characterize drugs

that follow nonlinear pharmacokinetics.
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150 
Concepts in Clinical Pharmacokinetics 

FIGURE 10-1. 
Relationship of AUG to drug dose with first-order elimination, 
where clearance is not influenced by dose. 

Nonlinear pharmacokinetics may refer to several 
different processes, including absorption, distribu
tion, and renal or hepatic elimination (Table 10-1). 
For example, with nonlinear absorption, the frac
tion of drug in the gastrointestinal (GI) tract that is 
absorbed per minute changes with the amount of drug 
present. Even though absorption and distribution can 
be nonlinear; the term nonlinear pharmacokinetics 
usually refers to the processes of drug elimination. 

When a drug exhibits nonlinear pharmaco
kinetics, usually the processes responsible for drug 
elimination are saturable at therapeutic concen
trations. These elimination processes may include 
renal tubular secretion (as seen with penicillins) and 
hepatic enzyme metabolism (as seen with phenytoin). 
When an elimination process is saturated, any 
increase in drug dose results in a disproportionate 
increase in the plasma concentrations achieved 
because the amount of drug that can be eliminated 
over time cannot increase. This situation is contrary 
to first-order linear processes, in which an increase 
in drug dosage results in an increase in the amount 
of drug eliminated over any given period. 

FIGURE 10-2. 
Relationship of AUG to drug dose with dose-dependent 
pharmacokinetics. 

Of course, most elimination processes are 
capable of being saturated if enough drug is 
administered. However, for most drugs, the doses 
administered do not cause the elimination processes 
to approach their limitations. 

Clinical Correlate 

Many drugs exhibit mixed-order pharmaco
kinetics, displaying first-order pharmacokinetics 
at low drug concentrations and zero-order 
pharmacokinetics at high concentrations. It is 
important to know the drug concentration at 
which a drug order switches from first to zero. 
Phenytoin is an example of a drug that switches 
order at therapeutic concentrations, whereas 
theophylline does not switch until concentrations 
reach the toxic range. 

For a typical drug having dose-dependent 
pharmacokinetics, with saturable elimination, the 
plasma drug concentration versus time plot after a 
dose may appear as shown in Figure 10-3. 

TABLE 10-1. Drugs Having Dose- or Time-Dependent Pharmacokinetics 

Process Agent Mechanism 

Absorption Riboflavin, methotrexate, gabapentin Saturable gut wall transport 

Penicillins Saturable decomposition in Gl tract 

Distribution Methotrexate Saturable transport into and out of tissues 

Salicylates Saturable protein binding 

Renal elimination Penicillin G Active tubular secretion 

Ascorbic acid Active reabsorption 

Extrarenal elimination Garbamazepine Enzyme induction 

Theophylline, phenytoin Saturable metabolism 
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FIGURE 10-1.

Relationship of AUG to drug dose with first—order elimination,
where ciearance is not iniluenced by dose.

Nonlinear phor'mocokr’netics may refer to several

different processes, including absorption, distribu-

tion, and renal or hepatic elimination [Table 10-1).

For example. with nonlinear absorption, the frac-

tion of drug in the gastrointestinal (GI) tract that is

absorbed per minute changes with the amount of drug

present. Even though absorption and distribution can

be nonlinear, the term nonlinear phormncokr'netr‘cs

usually refers to the processes of drug elimination.

When a drug exhibits nonlinear pharmaco-

kinetics, usually the processes responsible for drug

elimination are saturable at therapeutic concen-

trations. These elimination processes may include

renal tubular secretion [as seen with penicillins) and

hepatic enzyme metabolism (as seen with phenytoin).

When an elimination process is saturated, any

increase in drug dose results in a disproportionate

increase in the plasma concentrations achieved

because the amount of drug that can be eliminated

over time cannot increase. This situation is contrary

to first-order linear processes, in which an increase

in drug dosage results in an increase in the amount

of drug eliminated over any given period.
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FlGUHE 10-2.

Relationship otAUC to drug dose with dose-dependent
pharmacokinetics.

Of course, most elimination processes are

capable of being saturated if enough drug is

administered. However, for most drugs, the doses

administered do not cause the elimination processes

to approach their limitations.
 

Clinical Correlate

Many drugs exhibit mixed-order pharmaco-

kinetics, displaying first-order pharmacokinetics

at low drug concentrations and zero-order

pharmacokinetics at high concentrations. It is

important to know the drug concentration at

which a drug order switches from first to zero.

Phenytoin is an example of a drug that switches

order at therapeutic concentrations, whereas

theophylline does not switch until concentrations

reach the toxic range.
—

For a typical drug having dose-dependent

pharmacokinetics, with saturable elimination. the

plasma drug concentration versus time plot after a

dose may appear as shown in Figure 10-3.

TABLE 10-1. Drugs Having Dose- or Time-Dependent Pharmacokinetics

Process Agent Mechanism

Absorption Riboflavin. methotrexate, gabapentin Saturable gut wall transport

Penicillins Saturable decomposition in GI tract

Distribution Methotrexate Saturable transport into and out of tissues

Salicylates Saturable protein binding

Renal elimination Penicillin G Active tubular secretion

Ascorbic acid Active reabsorption

Erlrarenal elimination Camamazepine Enzyme induction

Theophvlline. phenytoin Saturable metabolism
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FIGURE 10-3. 

100 

Cll: 

2~ 
c~ 
<II'E 
E Q) 10 
UlO 
til 1: -o 
Q.(.) 

Time 

Dose-dependent clearance of enzyme-saturable drugs. 

After a large dose is administered, an initial slow 
elimination phase (clearance decreases with higher 
plasma concentration) is followed by a much more 
rapid elimination at lower concentrations (curve A). 
However, when a small dose is administered (curve B), 
the capacity of the elimination process is not reached, 
and the elimination rate remains constant. At high 
concentrations, the elimination rate approaches that 
of a zero-order process (i.e., the amount of drug elim
inated over a given period remains constant, but the 
fraction eliminated changes). At low concentrations, 
the elimination rate approaches that of a first-order 
process (i.e., the amount of drug eliminated over a 
given time changes, but the fraction of drug elimi
nated remains constant). 

A model that has been used extensively in 
biochemistry to describe the kinetics of saturable 
enzyme systems is known as Michaelis-Menten 
kinetics (for its developers). This system describes 
the relationship of an enzyme to the substrate (in 
this case, the drug molecule). In clinical pharmaco
kinetics, it allows prediction of plasma drug concen
trations resulting from administration of drugs with 
saturable elimination (e.g., phenytoin). 

The equation used to describe Michaelis
Menten pharmacokinetics is: 

-dC lt' C 
drug elimination rate = -- = K max C 

dt m + 

where -dCjdt is the rate of drug concentration 
decline at time t and is determined by v max• the theo
retical maximum rate of the elimination process. Km 
is the drug concentration when the rate of elimi
nation is half the maximum rate, and C is the total 
plasma drug concentration. 

Lesson 10 I Nonlinear Processes 

V is expressed in units of amount per unit of max 
time (e.g., milligrams per day) and represents the 
maximum amount of drug that can be eliminated 
in the given time period. For drugs metabolized by 
the liver, vmax can be determined by the quantity or 
efficiency of metabolizing enzymes. This param
eter will vary, depending on the drug and individual 
patient. 

K the Michaelis constant, is expressed in m• 

units of concentration (e.g., mg/L) and is the drug 
concentration at which the rate of elimination is 
half the maximum rate CVmaxl In simplified terms, 
K is the concentration above which saturation of m 

drug metabolism is likely. 

Vmax and Km are related to the plasma drug 
concentration and the rate of drug elimination 
as shown in Figure 10-4. When the plasma drug 
concentration is less than Km, the rate of drug 
elimination follows first-order pharmacokinetics. 
In other words, the amount of drug eliminated 
per hour directly increases with the plasma drug 
concentration. When the plasma drug concentra
tion is much less than Km, the first-order elimination 
rate constant (K) for drugs with nonlinear pharmaco
kinetics is approximated by vmax ; therefore, as vmax 
increases (e.g., by hepatic enzyme induction), K 
increases. 

With drugs having saturable elimination, as 
plasma drug concentrations increase, drug elimi
nation approaches its maximum rate. When the 
plasma concentration is much greater than Km, the 
rate of drug elimination is approximated by vmax • 
and elimination proceeds at close to a zero-order 
process. 

FIGURE 10-4. 
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Plasma Drug 
Concentration 

Relationship of drug elimination rate to plasma drug 
concentration with saturable elimination. 
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FIGURE 10-3.

Dose-dependent clearance of enzyme-saturable drugs.

After a large dose is administered, an initial slow

elimination phase [clearance decreases with higher

plasma concentration] is followed by a much more

rapid elimination at lower concentrations [curve A].

H owever, when a small dose is administered [curve B],

the capacity ofthe elimination process is not reached.

and the elimination rate remains constant. At high

concentrations the elimination rate approaches that

of a zero-order process (tea the amount of drug elim-

inated over a given period remains constant, but the

fraction eliminated changes). At low concentrations,

the elimination rate approaches that ofa first-order

process (i.e., the amount of drug eliminated over a

given time changes, hilt the fraction of drug elimi-

nated remains constant).

A model that has been used extensively in

biochemistry to describe the kinetics of saturable

enzyme systems is known as Micliaelis—Menten

kinetics [for its developers). This system describes

the relationship of an enzyme to the substrate (in

this case, the drug molecule]. In clinical pharmaco-

kinetics. it allows prediction ofplasma drug concen-

trations resulting from administration ofdrugs with

saturable elimination (e.g., phenytoin).

The equation used to describe Michaelis-

Menten pharmacokinetics is:

drug elimination rate = :99 : Vmec
(it K+Cm

 

where -dC/dt is the rate of drug concentration

decline at time t and is determined by VHW the theo-

retical maximum rate ofthe elimination process. K",

is the drug concentration when the rate of elimi-
nation is half the maximum rate, and C is the total

plasma drug concentration.
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Mm is expressed in units of amount per unit of

time [e.g., milligrams per day) and represents the

maximum amount of drug that can be eliminated

in the given time period. For drugs metabolized by

the liver, Vm, can be determined by the quantity or

efficiency of metabolizing enzymes. This param-

eter will vary, depending on the drug and individual

patient.

K,,,, the Michaelis constant, is expressed in

units of concentration (e.g., mg/L] and is the drug
concentration at which the rate of elimination is

half the maximum rate (VW). ln simplified terms,

K, is the concentration above which saturation of

drug metabolism is likely.

Vmax and K, are related to the plasma drug
concentration and the rate of drug elimination

as shown in Figure 10-4. When the plasma drug

concentration is less than K,,, the rate of drug

elimination follows first-order pharmacokinetics.

In other words, the amount of drug eliminated

per hour directly increases with the plasma drug

concentration. When the plasma drug concentra-

tion is much less than K", the first-order elimination

rate constant (K) for drugs with nonlinear pharmaco-

kinetics is approximated by Vm; therefore, as Vmax

increases [e.g., by hepatic enzyme induction), K
increases.

With drugs having saturable elimination, as

plasma drug concentrations increase, drug elimi-

nation approaches its maximum rate. When the

plasma concentration is much greater than K,,,, the

rate of drug elimination is approximated by VW,

and elimination proceeds at close to a zero-order
process.

 
 
 

RateatDrug Elimination
 

 
Plasma Drug

Concentration

 
FlGURE 10-4.

Relationship of drug elimination rate to plasma drug
concentration with saturable elimination.
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Concepts in Clinical Pharmacokinetics 

Next, we consider how Vm ax and Km can be calcu
lated and how these determinations may be used to 
predict plasma drug concentrations in patients. 

Calculation of Vmax' Km, and Plasma 
Concentration and Dose 

For drugs that have saturable elimination at the 
plasma concentrations readily achieved with thera
peutic doses (e.g., phenytoin), prediction of the plasma 
concentrations achieved by a given dose is important. 
For these predictions, it is necessary to estimate Vmax 
and K111 • Therefore, we must apply the Michaelis
Menten equation presented earlier in this lesson: 

-dC VmaxC 
= 

dt Km +C 

The change in drug concentration over time is 
related to the Michaelis-Menten parameters Vmax• 
K111 , and the plasma drug concentration (C). We 
know that at steady state (after multiple drug doses) 
the rate of drug loss from the body (milligrams 
removed per day) is equal to the amount of drug 
being administered (daily dose). In the Michaelis
Menten equation, -dCjdt indicates the rate of drug 
loss from the body; therefore, at steady state: 

-dC V. C 
- = daily drug dose = max c 

dt Km + 

Now we have an equation that relates Vmax• Km, 
plasma drug concentration, and daily dose (at steady 
state). To use this relationship, it is first helpful to 
transform the equation to a straight-line form: 

. v. c 
dally dose= max c 

Km+ 

daily dose (K m +C) = VmaxC 

daily dose (K m) +daily dose (C) = VmaxC 

daily dose (C) = VmaxC- daily dose (K m) 

Then: 

daily dose= -Km(daily dose/C)+ Vmax 

Y (slope) = mX + b (intercept) 

So the relationship of the Michaelis-Menten param
eters, C, and dose can be expressed as a straight line 
(Figure 10-5). If the straight line can be defined, 
then V and Km can be determined; if Vm ax and max 

Km are known, then the plasma concentrations at 
steady state resulting from any given dose can be 
estimated. 

To define the line, it is necessary to know the 
steady-state concentrations achieved at a minimum 
of two different doses. For example, a patient 
receiving 300 mg of phenytoin per day achieved 
a steady-state concentration (trough) of 9 mg/L; 
when the daily dose was increased to 400 mgjday, a 
steady-state concentration of16 mg/L was achieved. 
The data for this patient can be plotted as shown 
in Figure 10-6. Then a line is drawn between the 
two points, intersecting they-axis. They-intercept 
equals vmax (observed to be 700 mgjday), and the 
slope of the line equals -Km. 

Calculating Km 

I K doseinitial - dose increased s ope=- m = 
dose/ cinitial - dose/ cincreased 

300 mg/day- 400 mg/day 

= ( 300 mg/day _ 400 mg/day J 
9 mg/L 16 mg/L 

-100 mg/day = -----=---'--
33.3 Uday-25 Uday 

= - 12.0 mg/L 

So K"' equals 12 mg/L. 
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Concepts in Clinical Pharmacokinetics

Next, we consider how Va,“ and Km can be calcu-

lated and how these determinations may be used to

predict plasma drug concentrations in patients.

Calculation of Vmax, Km, and Plasma
Concentration and Dose

For drugs that have saturable elimination at the

plasma concentrations readily achieved with thera~

peutic doses [e.g., phenytoin], prediction of the plasma

concentrations achieved by a given dose is important.

For diese predictions, it is necessary to estimate VW

and K". Therefore, we must apply the Michaelis—

Menten equation presented earlier in this lesson:

 
£_ vac

(it Km +6

The change in drug concentration over time is

related to the Michaelis-Menten parameters Vlm,

Km, and the plasma drug concentration [C]. We

know that at steady state [after multiple drug closes]

the rate of drug loss from the body [milligrams

removed per day] is equal to the amount of drug

being administered [daily dose]. In the Michaelis—

Menten equation, -dC/dt indicates the rate of drug

loss from the body: therefore, at steady state:

 

i0 = daily drug dose = VWC
0'! Km + C

Now we have an equation that relates 11",“, Km,

plasma drug concentration, and daily dose [atsteady

state]. To use this relationship, it is first helpful to

transform the equation to a straight-line form:

V C
m dell dose: ”m

y K +0”1

 

daily dose (Km + C} = VWC

daily dose (Km) + daily dose (6) = VMC

daily dose (C) = I/WC —daily dose (Km)

daily dose = —K,,,(daily doselC) + Vm

l’(slope) = mX + b (intercept)

So the relationship ofthe Michaelis—Menten param-

eters, C. and dose can be expressed as a straight line

[Figure 10-5]. If the straight line can be defined,

then Vmu and Km can be determined; if Um.“ and

Km are known, then the plasma concentrations at

steady state resulting from any given dose can be
estimated.

To define the line. it is necessary to know the

steady-state concentrations achieved at a minimum

of two different doses. For example, a patient

receiving 300 mg of phenytoin per day achieved

a steady-state concentration (trough) of 9 mg/L;

when the daily dose was increased to 400 mg/day, a

steady-state concentration of 1 6 mgIL was achieved.

The data for this patient can be plotted as shown

in Figure 10-6. Then a line is drawn between the

two points, intersecting the y-axis. The y-intercept

equals l"rm {observed to be 700 mg/day]. and the

slope of the line equals -K,,,.

Calculating Km

dose . — dose
m slope = —Km =M

dosefc — dosefqmminitial

2 300 mgfday —400 mg/day

[300 mgfday 400 mgfday]_é_m&[___ 16 mgfL

_ —100 mgfday

33.3 Udav — 25 Uday

= —12.0 mgfL

So Km equals 12 mg/L.
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FIGURE 10-5. 
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Linear plot of the Michaelis- Menten equation. 

Calculating Dose 

Knowing Vmax and Km, we can then predict the dose 
necessary to achieve a given steady-state concen
tration or the concentration resulting from a given 
dose. If we wish to increase the steady-state plasma 
concentration to 20 mg/L, we can use the Michaelis
Menten equation to predict the necessary dose: 

(700 mg/day)(20 mg/L) 
= 

12 mg/L + 20 mg/L 

14,000 mg2 /(day x L) = _;____--=._____:___:____:_ 

32 mg/L 

= 437 mg/day 

Note how units cancel out to yield mgjday. 

Calculating Steady-State 
Concentration from This Km and Dose 
If we wish to predict the steady-state plasma concen
tration that would result if the dose is increased 
to 500 mgjday, we can rearrange the Michaelis
Menten equation and solve for C: 

C = Km(daily dose) 
vmax - daily dose 

12 mg/L (500 mg/day) 
= 

700 mg/day- 500 mg/day 

12 mg/L (500 mg/day) 
= 

200 mg/day 

= 30 mg/L 

Lesson 10 I Nonlinear Processes 
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FIGURE 10-6. 
Plot of patient data using two steady-state plasma phenytoin 
concentrations at two dose levels. 

See Lesson 15 for examples of how these calcu
lations are applied. 

Clinical Correlate 

When performing this calculation using sodium 
phenytoin or fosphenytoin, be sure to convert 
doses to their phenytoin free-acid equivalent 
before substituting these values into the equation. 
To convert, multiply the daily dose by 0.92 (92% 
free phenytoin). Fosphenytoin injection, although 
containing only 66% phenytoin free acid, is 
actually labeled in phenytoin sodium equivalents 
such that the 0.92 factor also applies to this 
product. 

The preceding example demonstrates how 
plasma drug concentrations and drug dose can be 
predicted. However, it also shows that for drugs 
like phenytoin, with saturable elimination, when 
plasma concentrations are above Kw small dose 
increases can result in large increases in the steady
state plasma concentration. 

When clearance changes with plasma concen
tration, there is no true half-life as with first-order 
elimination. As clearance changes, the elimination 
rate changes as does the time to reach steady state. 
With high doses and high plasma concentrations 
(and resulting lower clearance), the time to reach 
steady state is much longer than with low doses and 
low plasma concentrations (Figure 10-7). Theoret-

153 

Opiant Exhibit 2059 
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc. 

IPR2019-00685 
Page 161

 

 

 

 

 
 

 
Nonlinear ProcessesLesson 10 |

  
 

  

Slope 2 -—Km .—.

g a
in

" 2
E

”a“? °°E°lcsmay sum 100

FIGURE 10-5.

Linear plot of the Michaells—Menten equation. 1° 2° 3” 4”
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Calculating Dose FIGURE 1”.
Knowing VW and K... we can then prediCt the dose Plot oi patient data using two steady-state plasma phenytoin
necessary to achieve a given steady—state concen- concentrations at two dose levels.

tration or the concentration resulting from a given

dose. Ifwe wish to increase the steady-state plasma See Lesson 15 for examples of how these calcu-

concentration to 20 mgfL, we can use the Michaelis— lations are applied.

Menten equation to predict the necessary close:

close: VMC Clinical Correlate
Km +6

When performing this calculation using sodium

_ WOO mgiday)(20 mgr’L) phenytoin or fosphenytoin, be sure to convert

‘ 12 “UL + 20 mgiL doses to their phenytoin free-acid equivalent
before substituting these values into the equation.

14'000 m92l'idayx L) To convertI multiply the daily dose by 0.92 (92%

:32—mgfL free phenytoin}. Fosphenytoin injection, although
containing only 66% phenytoin free acid. is

= 43? mgidav actually labeled in phenytoin sodium equivalents
such that the 0.92 factor also applies to this

Note how units cancel out to yield mg/day. product.
I _

Calculating Steady-State

concentratmn'fmm Thls K’" and Dose The preceding example demonstrates how
”W? W‘Sh to predict the steady-state plasma concen- plasma drug concentrations and drug dose can be
tratlon that would result If the dose 15 Increased predicted. However, it also shows that for drugs
to 500 mg/day, we can rearrange the MIChHEIIS" like phenytoin, with saturable elimination, when
Menten equatlon and SONS for C: plasma concentrations are above Km, small dose

. increases can result in large increases in the steady-
C =W state plasma concentration.

I/ —daliy dose .
"'3" When clearance changes With plasma concen-

12 mgiL (500 mgr’day) tration, there is no true half-life as with first-order
2—— elimination. As clearance changes, the elimination

700 mgfday _ 500 mgiday rate changes as does the time to reach steady state.
12 mgl’Ll500 mgiday) With high closes and high plasma concentrations

= 200 mgidav (and resulting lower clearance], the time to reach
steady state is much longer than with low doses and

= 30 mgrL low plasma concentrations [Figure 10-7]. Theoret~
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Concepts in Clinical Pharmacokinetics 

Dose and Time Dependencies 

Rate of Plateau 
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FIGURE 10-7. 
Time to reach t90o;, (represented by arrows) at different daily 
dosages. 

ically, if the dose is greater than vmax• steady state 
will never be reached. 

Because clearance and half-life are concen
tration-dependent factors, a traditional time to 
steady-state value cannot be calculated. Instead, the 
Michaelis-Menten equation can be rearranged to 
provide an equation that estimates the time required 
(in days) for 90% of the steady-state concentration 
to be reached ( t90%), as shown below for phenytoin 
(where the dose equals the daily dose): 

Km(V) 
t90o;. = . 2 [2.3Vmax -0.9 dose] 

o (Vmax - daily dose) 

From the previous example, when dose= 300 mgjday; 
Vmax = 700 mgjday, and Km = 12 mg/L, volume of 
distribution (V) can be estimated as 0.65 L/kg body 
weight, or (0.65 x 77 kg body weight) = 50 L. 

t 0 = 12 mg/L (50 L) [2 .3(700 mg/day) -
govo (700 mg/day- 300 mg/day)2 

0.9(300 mg/day)] 

600 mg 
------=-

2 
[161 0 mg/day- 270 mg/day] 

( 400 mg/day) 

= (0.00375 day2 /mg)(1340 mg/day) 

= 5.0 days 

When the dose is increased to 400 mgjday: 

t 0 = 12 mg/L (50 L) [2.3(700 mg/day)-
govo (700 mg/day- 300 mg/day)2 

0.9(400 mg/day)] 

600 mg = 
2 

[161 0 mg/day- 360 mg/day] 
(300 mg/day) 

= (0.0067 day2 /mg)(1250 mg/day) 

= 8.38 days 

We can see that as the dose is increased, it takes 
a longer time to reach steady state, drug continues 
to accumulate, and the plasma drug concentration 
continues to rise. When this occurs with a drug 
such as phenytoin, toxic effects (e.g., ataxia and 
nystagmus) probably will be observed if the high 
dosage is given on a regular basis. 

Clinical Correlate 

The ~o% equation will provide only a rough 
estimate of when 90% of steady state has been 
reached, and its accuracy is dependent on the 
Km value used. Other ways to check to see if a 
patient is at steady state are to examine two 
levels drawn approximately a week apart. If 
these levels are ± 1 0% of each other, then you 
can assume steady state. Additionally, it is 
safe to wait at least 2 weeks (and preferably 4 
weeks) after beginning or changing a dose before 
obtaining new steady-state levels. 
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ically, if the dose is greater than Vm, steady state
will never be reached.

Because clearance and half-life are concen-

tration-dependent factors, a traditional time to

steady-state value cannot be calculated. Instead, the

Michaelis—Menten equation can be rearranged to

provide an equation thatestimates the time required

[in days] for 90% of the steady-state concentration

to be reached (cm), as shown below for phenytoin

[where the dose equals the daily dose]:

Klel
nil—4 i —.—

(I/W — daily dose)?
90% = [23va —0.9 dose]

From the previous example, when dose 2 300 rug/day,

Vm = 700 trig/day, and Km = 12 mg/L, volume of

distribution [V] can be estimated as 0.65 L/kg body

weight, or (0.65 x 77 kg body weight] = 50 L.

12 mgrL (50 L)i :———— 2.3 700 m ids —
90"" (700 mg/day — 300 mgfdav)2[ ( g Y)

0.9(300 mgidayl]

=GUO—mgne10 mgroay —270 mgrday]
(400 mgp‘dav)2

= (0.00375 dayiimgxi 340 mgfday)

= 5.0 days

When the dose is increased to 400 mg/day:

12 mgr’L (50 L)l‘ =w—2.3700 m as —
“0"“ {700 mgidav — 300 mgfdav)2[ ( g 3’}

0.9(400 mg/dav)]

600 mg

:WW0 melday ~360 mgiday]

= (0.0067 dayzlmgl(1250 mgidav)

: 8.38 days

We can see that as the dose is increased, it takes

a longer time to reach steady state, drug continues

to accumulate, and the plasma drug concentration

continues to rise. When this occurs with a drug

such as phenytoin, toxic effects {e.g., ataxia and

nystagmus) probably will be observed if the high

dosage is given on a regular basis.

 

Clinical Correlate

The rm equation will provide only a rough

estimate of when 90% of steady state has been

reached, and its accuracy is dependent on the

Km value used. Other ways to check to see if a

patient is at steady state are to examine two

levels drawn approximately a week apart. If

these levels are :10% of each other, then you

can assume steady state. Additionally, it is

safe to wait at least 2 weeks (and preferably 4

weeks) after beginning or changing a dose before

obtaining new steady-state levels.
m
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REVIEW QUESTIONS 
10-1. Which drug pairs demonstrate nonlinear 

pharmacokinetics? 

A. phenytoin and aspirin 
B. penicillin G and gentamicin 
C. acetaminophen and sulfonamides 
D. A and B 

10-2. Linear pharmacokinetics means that the 
plot of plasma drug concentration versus 
time after a dose is a straight line. 

A. True 
B. False 

10-3. When hepatic metabolism becomes satu
rated, any increase in drug dose will lead 
to a proportionate increase in the plasma 
concentration achieved. 

A. True 
B. False 

10-4. When the rate of drug elimination proceeds 
at half the maximum rate, the drug concen
tration is known as: 

A. vmax 
B. Km 
c. ~Vmax 
D. CVmax)(C) 

10-5. At very high concentrations-concentrations 
much higher than the drug's Km-drugs are 
more likely to exhibit first-order elimination. 

A. True 
B. False 

10-6. Which of the equations below describes the 
form of the Michaelis-Menten equation that 
relates daily drug dose to V max• Km, and the 
steady-state plasma drug concentration? 

A. daily dose = -Km( daily dose/ C) (V max) 

B. daily dose= -Km(daily dose/C)+ Vmax 

c. daily dose= -Km(daily dose X C)+ vmax 

D. daily dose = -Km- (daily dose/ C) + Vmax 

Lesson 10 I Nonlinear Processes 

The following information is for Questions 10-7 

to 10-11. A patient, JH, is administered phenytoin 

free acid, 300 mgjday for 2 months (assume steady 

state is achieved), and a plasma concentration 

determined just before a dose is 10 mg/L. The 

phenytoin dose is then changed to 400 mgjday; 

2 months after the dose change, the plasma 

concentration determined just before a dose is 

18 mgjL. Assume that the volume of distribution of 

phenytoin is 45 L. 

10-7. Calculate Km for this patient. 

A. 12.5 mg/L 

B. 25 mg/L 

C. 37.5 mg/L 

D. 10 mg/L 

10-8. For the same patient, JH, determine Vm ax· 

A. 123 mgjday 

B. 900 mgjday 

C. 500 mgjday 

D. 678 mgjday 

10-9. For the case of JH above, plot both concen
trations on a daily dose/C versus Vm ax plot 
and then determine this patient's vmax• 

A. approximately 550 mgjday 

B. approximately 400 mgjday 

C. approximately 675 mgjday 

D. approximately 800 mgjday 

10-10. After the dose of 400 mgjday is begun, how 
long will it take to reach 90% of the steady
state plasma concentration? 

A. approximately 14 days 

B. approximately 9 days 

C. approximately 30 days 

D. approximately 90 days 

'I 
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1 55

10-1. Which drug pairs demonstrate nonlinear The following information is for Questions 10-7

pharmacokinetics? to 10-11. A patient, ]H, is administered phenytoin

A. phenytoin and aspirin free acid, 300 mg/day for 2 months [assume steady

3- penicillin G and gentamicin . state is achieved], and a plasma concentration

3' :cetallmBinophen and sulfonamldes determined just before a dose is 10 mg/L. The
‘ an phenytoin dose is then changed to 4-00 mg/day;

10-2. Linear pharmacokinetics means that the 2 months after the dose change, the plasma

Pl"t 0f plasma drug concentration versus concentration determinedjust beforea dose is

time after a dose ‘3 a straight l'ne‘ 18 mg/L. Assume that the volume of distribution of

A- True phenytoin is 45 L.
B. False

_ _ 10-7. Calculate Km for this patient.
10-3. When hepatic metabolism becomes satu-

rated, any increase in drug dose will lead A' 12'5 mgfL
to a proportionate increase in the plasma 3- 25 IT‘S/L

concentration achieved. C. 37.5 mg/L

A. True D. 10 mg/L
B. False

10-8. For the same patient, IH, determine Vm.

10-4. When the rate of drug elimination proceeds A 123 to Me
at half the maximum rate, the drug concen- ' g y
tration is known as: B' 900 rug/day

A. V C. 500 mg/day

B. K... D 678 mg/day

C. £4:me

D. [VWNC] 10-9. For the case ofll-I above, plot both concen-
trations on a daily dose/C versus Vma, plot

10-5. Atvery high concentrau'ons—concentrations and then determine this patient's Vmaw

much higher than the drug’s Kmu—drugs are A. approximately 550 mg/day

more likely to exhibit first-order elimination. B. approximately 400 mg/day

1;" :rulae C. approximately 675 tog/day. a se

D. approximately 800 mg/day

10-6. Which of the equations below describes the _
form of the Michaelis—Menten equation that 10'10- After the dose Of 400 mg/day ‘5 begun, how
relates daily drug dose to me Km! and the long will it take to reach 90% of the steady-
steady-state plasma drug concentration? state plasma concentration?

A. daily dose = ~Km[daily dosefcjflrjm] A. approximately 14- days

B. daily dose = -Km[daily dose/C) + Vm B. approximately 9 days

C. daily dose 2 —Km[daily dose x C) + Vm C. approximately 30 days

D daily dose = —K,,, — [daily dose/C) + VW D. approximately 90 days
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Concepts in Clinical Pharmacokinetics 

10-11. If the patient, JH, misunderstood the dosage 
instructions and consumed 500 mgjday 
of phenytoin, what steady-state plasma 
concentration would result? 

A. 29.4 mg/L 

B. 36.8 mg/L 

c. 27.2 mg/L 

D. 19.6 mg/L 

ANSWERS 

10-1. A. CORRECT ANSWER 

B, C, D. Incorrect answers 

10-2. A. Incorrect answer 

B. CORRECT ANSWER. Linear pharmaco
kinetics means that the AUC and plasma 
concentrations achieved are directly 
related to the size of the dose adminis
tered. Drugs with linear pharmacokinetics 
may exhibit plasma concentrations 
versus time plots that are not straight 
lines, as with multicompartment drugs. 

10-3. A. Incorrect answer 

B. CORRECT ANSWER. There will be a 
disproportionate increase in the plasma 
concentration achieved because the 
amount of drug that can be eliminated 
over time cannot increase. 

10-4. A. Incorrect answer. Vmax is the maximum 
rate of hepatic metabolism. 

B. CORRECT ANSWER 

C. Incorrect answer. ~ Vmax is only one-half 
of the maximum hepatic metabolism 
and does not relate K"' to Vmax· 

D. Incorrect answer. CVmaxJCC) is only the 
numerator of the Michaelis-Menten 
equation. 

10-5. A. Incorrect answer 

10-6. 

B. CORRECT ANSWER. At very low concen
trations, drugs are more likely to exhibit 
first-order kinetics because hepatic 
enzymes are usually not yet saturated, 
whereas at higher concentrations, 
enzymes saturate, making zero-order 
kinetics more likely. 

A, C, D. Incorrect answers 

B. CORRECT ANSWER 

10-7. A. CORRECT ANSWER. The Km is calculated 
from the slope of the line above: 

I K 
dose1 - dose2 s ope = - m = ------''-------=--

= 

dose1 I C1 - dose2 I C2 

300 mglday- 400 mglday 

( 
300 mglday _ 400 mglday) 

1 0 mgll 18 mgll 

-100 mglday 
30 Uday- 22 Uday 

-100 mglday 
8 Uday 

=-12.5mgll 

So Km equals 12.5 mg/L. 

B, C, D. Incorrect answers. Use dose pairs of 
300 and 400 and concentration pairs of 
10 and 18 to calculate Km. 

10-8. A, C. Incorrect answers. Try again; you prob
ably made a math error. 

B. Incorrect answer. Try again, and use 
either set of dose and concentration 
pairs (i.e., 300 and 10 or 400 and 18). 
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D. CORRECT ANSWER. 

daily dose= -Km(daily dose/C)+ Vmax 

400 = (-12.5)(400/18) + vmax 

400 = (-12.5)(22.22) + vmax 

400 = -277.77 + vmax 

677.77 = vmax 

10-9. A, B, D. Incorrect answers 

C. CORRECT ANSWER. See Figure 10-8 
for a plot of the daily dose versus daily 
dose/C. 

10-10. A, C, D. Incorrect answers 

B. CORRECT ANSWER. The time to reach 
steady state is calculated by: 

Km(V) 
f90% = 2 [2.3Vmax -0.9 dose] 

{Vmax -dose) 

= 12.5 mg/L (45 L) [2 .3(670 mg/day)-
(670 mg/day- 400 mg/day)2 

0.9(400 mg/day)] 

562.5 mg 
----=-~2 [1541 mg/day - 360 mg/day] 
(270 mg/day) 

= (0.00772 day2 /mg)(1181 mg/day) 

= 9.11 days 

700 

600 

Cl 500 g 
5: 400 
0 
0 300 
~ 
~ 200 

100 

FIGURE 1 0-8. 

10 20 30 

Daily Dose /CSteady State 

40 

Daily dose versus daily dose divided by steady-state 
concentration. 

Lesson 10 I Nonlinear Processes 

10-11. A Incorrect answer. Perhaps you used a 
400-mg dose instead of a 500-mg dose. 

B. CORRECT ANSWER. The steady-state 
plasma concentration resulting from 
a daily dose of 500 mg would be esti
mated from the line equation as follows: 

daily dose = -K m (dose/C) + Vmax 

( 
500 mg/day) 500 mg/day = -12.5 mg/L C + 670 mg/day 

Rearranging gives: 

-170 mg/day 500 mg/day 
= ----

-12.5 mg/L C 

13.6 Uday = 500 mg/day 
c 

13.6 Uday 1 
---=-= 
500 mg/day C 

1 
0.0272 Umg = C 

C = 36 .8 mg/L 

C, D. Incorrect answers. You may have made 
a simple math error. 
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Lesson 10 | NonlinearProcesses

D. CORRECT ANSWER.

daily dose = —K,,,(daily desert?) + If.“

400 = (—12.5)(400/18) + vma,

400 : (—12.5)(2222) + vm

400 = —2r7.77 + Vm

err]? = rm

10-9. A. B, D. Incorrect answers

C. CORRECT ANSWER. See Figure 10-8

for a plot of the daily dose versus daily

dose/C.

1040. A, C, D. incorrect answers

3. CORRECT ANSWER. The time to reach

steady state is calculated by:

Klel=———2.3v —0.Qdose

90* (vm —dose)2[ W ]

=_%l45”)2[23(670 mgldayl-(570 mga’day — 400 mgi'day
0.9{400 mgi’dayll

562.5 mg=_—1541 r‘d —360 d
(271] mg/day)2[ mg av mg! 85!]

= (0.00772 day2fmgll1181 mgrday)

= 9.11 days

TDD

800

500

400

300

200

100

DailyDose{mg}
10 20 30 4|]

Daily Dose Josie“! 5mg

  
FIGURE 10-8.

Daily dose versus dailyr dose divided by steady-state
concentration.

157

10-11. A. Incorrect answer. Perhaps you used a

400-mg dose instead of a 500~mg dose.

B. CORRECT ANSWER. The steady-state

plasma concentration resulting from

a daily dose of 500 mg would be esti-

mated from the line equation as fDIIDWS:

daily dose 2 —Km(doser0) + VmI

500 mgfday = #1 2.5 mglL[W] + 670 mgfday

Rearranging gives:

—i?0 mg/day _ 500 mg/day

—i 2.5 mgfL C

135 Uday :W

13.6 Uday _ l
500 mga’day 6

0.02m Umg = l
C

C 235.8 mQ/L

C, D. Incorrect answers. You may have made

a simple math error.
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Concepts in Clinical Pharmacokinetics 
158 

Discussion Points 

W When using the Michaelis-Menten equa
tion, examine what happens when daily 
dose is much lower than vmax• and when it 
exceeds v max· 

I!B When using the t90% equation, examine what 
happens to t90% when dose greatly exceeds 

vmax· 

I!J[g Using two steady-state plasma drug concen
trations and two doses to solve for a new Kw 
Vmax• and dose using the Michaelis-Menten 
equation, examine the values of Km and 
Vmax obtained using this process. Are these 
values close to the actual patient population 
parameters? 

1!191 Discuss several practical methods to deter
mine when a nonlinear drug has reached 
steady state. 

1!J1i1 Examine the time to 90% equation and note 
the value of Km that is used in this equation. 
Substitute several different phenytoin Km 
values based on a range of population values 
(i.e., from approximately 1 to 15 mg/L) and 
describe the effect this has on your answer. 
Based on this observation, what value of Km 
would you use when trying to approximate 
the t90% for a newly begun dose of phenytoin? 

I!KiJ Discuss the patient variables that can 
affect the pharmacokinetic calculation of a 
nonlinear drug when using two plasma drug 
concentrations obtained from two different 
doses. 

!!lll Examine the package insert for Cerebyx® 
(fosphenytoin) and answer the following 
questions: 

A What salt is this product? 

B. What percent phenytoin sodium is it? 

C. What percent phenytoin free acid is it? 

D. How many milligrams of Cerebyx® is 
equal to 100 mg of sodium phenytoin 
injection? 

E. What therapeutic advantage does this 
product offer? 

Opiant Exhibit 2059 
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc. 

IPR2019-00685 
Page 166

 
158

Concepts in Clinical Pharmacokinetics 

 

D... Ci

 

 

Discussion Points

When using the Michaelis-Menten equa-

tion, examine what happens when daily

dose is much lower than VW, and when it

exceeds VM.

When using the tglm equation, examine what

happens to tgm when dose greatly exceeds
VI'I'lfli'i'

Using two steady-state plasma drug concen—

trations and two doses to solve for a new Km,

VW, and dose using the Michaeiis-Menten

equation, examine the values of K”I and

Vmax obtained using this process. Are these

values close to the actual patient population

parameters?

Discuss several practical methods to deter-

mine when a nonlinear drug has reached

steady state.

Examine the time to 90% equation and note

the value of Km that is used in this equation.

Substitute several different phenytoin K”1

values based on a range ofpopulation values

[i.e., from approximately 1 to 15 mg/L] and

describe the effect this has on your answer:

Based on this observation, what value of Km

would you use when trying to approximate

the tgm for a newly begun dose ofphenytoin?

 

Discuss the patient variables that can

affect the pharmacokinetic calculation of a

nonlinear drug when using two plasma drug
concentrations obtained from two different

doses.

Examine the package insert for Cerebyx“?

{fosphenytoin} and answer the following

questions:

A. What salt is this product?

B What percent phenytoin sodium is it?

C. What percent phenytoin free acid is it?

D How many milligrams of Cerebyx® is

equal to 100 mg of sodium phenytoin

injection?

E. What therapeutic advantage does this

product offer?
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LESSON 11 

Pharmacokinetic Variation 
and Model-Independent 

Relationships 

OBJECTIVES 
After completing Lesson 11, you should be able to: 

1. Identify the various sources of pharmacokinetic variation. 

2. Explain how the various sources of pharmacokinetic variation affect pharmacokinetic 
parameters. 

3. Describe how to apply pharmacokinetic variation in a clinical setting. 

4. Name the potential sources of error in the collection and assay of drug samples. 

5. Explain the clinical importance of correct sample collection, storage, and assay. 

6. Describe ways to avoid or minimize errors in the collection and assay of drug samples. 

7. Explain the basic concepts and calculations of the model-independent 
pharmacokinetic parameters of total body clearance, mean residence time (MRT}, 
volume of distribution at steady state, and formation clearance. 

Sources of Pharmacokinetic Variation 

An important reason for pharmacokinetic drug monitoring is that a drug's effect 
may vary considerably among individuals given the same dose. These differences 
in drug effect are sometimes related to differences in pharmacokinetics. Some 
factors that may affect drug pharmacokinetics are discussed below. However, irre
spective of pharmacokinetics, drug effects may vary among individuals because of 
differences in drug sensitivity. 

Age 

At extremes of age, major organ functions may be considerably reduced compared 
with those of healthy young adults. In neonates (particularly if premature) and 
the elderly, renal function and the capacity for renal drug excretion may be greatly 
reduced. Neonates and the elderly are also more likely to have reduced hepatic 
function. Renal function declines at a rate of approximately 1 mLjminutejyear 
after the age of 40 years. In the neonate, renal function rapidly progresses in 
infancy to equal or exceed that of adults. Pediatric patients may have an increased 
rate of clearance because a child's drug metabolism rate is increased compared to 
adults. When dosing a drug for a child, the drug may need to be administered more 
frequently. 

159 
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Pharmacokinetic Variation

and Model-Independent
Relationships
 

OBJECTIVES

After completing Lesson 11. you should be able to:

1. Identify the various sources of pharmacokinetic variation.

2. Explain how the various sources of pharmacokinetic variation affect pharmacokinetic
parameters.

Describe how to applyr pharmacokinetic variation in a clinical setting.

Name the potential sources of error in the collection and assay oi drug samples.

Explain the clinical importance of correct sample collection, storage, and assay.

Describe ways to avoid or minimize errors in the collection and aesay of drug samples.T453531?!“
Explain the basic concepts and calculations of the model-independent

pharmacokinetic parameters of total body clearance, mean residence time (MRT),
volume of distribution at steady state, and formation clearance.
—

Sources of Pharmacokinetic Variation

An important reason for pharmacokinetic drug monitoring is that a drug’s effect

may vary considerably among individuals given the same dose. These differences

in drug effect are sometimes related to differences in pharmacokinetics. Some

factors that may affect drug pharmacokinetics are discussed below. However, irre-

spective of pharmacokinetics, drug effects may vary among individuals because of

differences in drug sensitivity.

Age

At extremes ofage, major organ functions may be considerably reduced compared

with those of healthy young adults. In neonates [particularly if premature] and

the elderly, renal function and the capacity for renal drug excretion may be greatly

reduced. Neonates and the elderly are also more likely to have reduced hepatic

function. Renal function declines at a rate of approximately 1 mLfminutefyear

after the age of 40 years. In the neonateI renal function rapidly progresses in

infancy to equal or exceed that of adults. Pediatric patients may have an increased

rate of clearance because a child's drug metabolism rate is increased compared to

adults. When dosing a drug for a Child, the drug may need to be administered more

frequently.
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Other changes also occur with aging. Compared 
with adults, the neonate has a higher proportion of 
body mass made up of water and a lower proportion 
of body fat. The elderly are likely to have a lower 
proportion of body water and lean tissue (Figure 
11-1). Both of these changes-organ function and 
body makeup-affect the disposition of drugs and 
how they are used. Reduced function of the organs 
of drug elimination generally requires that doses 
of drugs eliminated by the affected organ be given 
less frequently. With alterations in body water or fat 
content, the dose of drugs that distribute into those 
tissues must be altered. For drugs that distribute 
into body water, the neonatal dose may be larger 
per kilogram of body weight than in an adult. 

Disease States 
Drug disposition is altered in many disease states, 
but the most common examples involve the kidneys 
and liver, as they are the major organs of drug elimi
nation. In patients with major organ dysfunction, 
drug clearance decreases and, subsequently, drug 
half-life lengthens. Some diseases, such as renal 
failure or cirrhosis, may even result in fluid reten
tion and an increased volume of drug distribution. 

Alterations in drug clearance and volume 
of distribution require adjustments in the dose 
administered and/ or the dosing interval. For most 
drugs, when clearance is decreased but the volume 
of distribution is relatively unchanged, the dose 
administered may be similar to that in a healthy 

100 
Neonate Adult 

90 
25yo 75yo 

.E 80 
Ol 

~ 70 Fat 
> 
'tl 60 0 m 
iij 50 
~ - 40 0 Intracellular Water .... 
c: 

30 Q) 
u ... 
Q) 

D.. 20 

10 Extracellular Water 

FIGURE 11-1. 
Effect of age on body composition. 

person although the dosing interval may need to 
be increased. Alternatively, smaller doses could be 
administered over a shorter dosing interval. When 
the volume of distribution is altered, the dosing 
interval can often remain the same but the dose 
administered should change in proportion to the 
change in volume of distribution. 

Clinical Correlate 

When adjusting a dose of a drug that follows 
first-order elimination, if you do not change 
the dosing interval, then the new dose can 
be calculated using various simple ratio and 
proportion techniques. For example, if gentamicin 
peak and trough serum drug concentrations (in a 
patient receiving 120 mg every 12 hours) were 9 
and 2.3 mcg/ml, respectively, then a new dose 
can be calculated : "if 120 mg gives a peak of 9, 
then X mg will give a desired peak of 6," yielding 
an answer of 80 mg every 12 hours. Likewise, 
one can check to see if this trough would be 
acceptable with this new dose: "if 120 mg gives a 
trough of 2.3, then 80 mg will give a trough of X," 
yielding an answer of 1.5 mcg/ml. 

EXAM P LE 

Effect of Volume of Distribution and 
Impaired Renal/Hepatic Function on 
Drug Dose 

A 23-year-old male experienced a major 
traumatic injury from a motor vehicle acci
dent. On the third day after injury, his renal 
function is determined to be good ( creati
nine clearance = 120 mL/minute), and his 
weight has increased from 63 kg on admis
sion to 83 kg. Note that fluid accumulation 
(as evidenced by weight gain) is an expected 
result of traumatic injury. He is treated with 
gentamicin for gram-negative bacteremia. 

An initial gentamicin dose of 100 mg is 
given over 1 hour, and a peak concentra
tion of 2.5 mg/L is determined. Four hours 
after the peak, the plasma concentration is 
determined to be 0.6 mgjL, and the elimina-
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Other changes also occur with aging. Compared

with adults, the neonate has a higher proportion of

body mass made up ofwater and a lower proportion

of body fat. The elderly are likely to have a lower

proportion of body water and lean tissue [Figure

11-1). Both of these changes—organ function and

body makeup——affect the disposition of drugs and

how they are used. Reduced function of the organs

of drug elimination generally requires that doses

of drugs eliminated by the affected organ be given

less frequently. With alterations in body water or fat

content. the dose of drugs that distribute into those

tissues must be altered. For drugs that distribute

into body water, the neonatal dose may be larger

per kilogram of body weight than in an adult.

Disease States

Drug disposition is altered in many disease states,

but the most common examples involve the kidneys

and liver, as they are the major organs ofdrug elimi-

nation. ln patients with major organ dysfunction,

drug clearance decreases and, subsequently, drug

half-life lengthens. Some diseases, such as renal

failure or cirrhosis, may even result in fluid reten-

tion and an increased volume ofdrug distribution.

Alterations in drug clearance and volume

of distribution require adjustments in the dose

administered and/or the dosing interval. For most

drugs, when clearance is decreased but the volume

of distribution is relatively unchanged, the dose

administered may be similar to that in a healthy
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person although the dosing interval may need to

be increased. Alternatively, smaller doses could be

administered over a shorter dosing interval. When

the volume of distribution is altered, the dosing
interval can often remain the same but the dose

administered should change in proportion to the

change in volume of distribution.

 

Clinical Correlate

When adjusting a dose of a drug that follows

first-order elimination, if you do not change

the dosing interval, then the new dose can

be calculated using various simple ratio and

proportion techniques. For example, if gentamicin

peak and trough serum drug concentrations (in a

patient receiving 120 mg every 12 hours) were 9

and 2.3 mcgme, respectively, then a new dose

can be calculated: "if 120 mg gives a peak of 9.

then X mg will give a desired peak of 6," yielding

an answer of 30 mg every 12 hours. Likewise.

one can check to see if this trough would be

acceptable with this new dose: “if 120 mg gives a

trough of 2.3, then 80 mg will give a trough of X,"

yielding an answer of 1.5 mcgme.
 

 

EXAMPLE

Effect ofVolume of Distribution and

Impaired Renal/Hepatic Function on

Drug Dose

A 23-year-old male experienced a major

traumatic injury from a motor vehicle acci-

dent. On the third day after injury, his renal

function is determined to be good (creati-

nine clearance = 120 mL/minute), and his

weight has increased from 63 kg on admis

sion to 83 kg. Note that fluid accumulation

(as evidenced by weight gain] is an expected

result of traumatic injury. He is treated with

gentamicin for gram-negative bacteremia.

An initial gentamicin dose of 100 mg is

given over 1 hour, and a peak concentra-

tion of 2.5 mg/l. is determined. Four hours

alter the peak, the plasma concentration is

determined to be 0.6 mg/L, and the elimina-
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tion rate constant and the volume of distri
bution are determined to be 0.36 hr-1 and 
33.6 L, respectively. This volume of 33.6 L 
equals 0.40 L/kg compared to a typical V of 
0.2-0.3 L/kg. In this case, the patient's genta
micin elimination rate constant is similar to 
that found in people with normal renal func
tion, but the volume of distribution is much 
greater. To maintain a peak plasma genta
micin concentration of 6-8 mgjL, a much 
larger dose would have to be administered at 
a dosing interval of 6 or 8 hours. Using the 
multiple-dose infusion equation from Lesson 
5 (see Equation 5-1), we would find that a 
dose as high as 220 mg given every 6 hours 
would be necessary to achieve the desired 
plasma concentrations. 

On the other hand, we would expect patients 
with impaired renal function to have a lower 
creatinine clearance and, therefore, a smaller 
elimination rate constant compared to 
patients with normal renal function. A smaller 
than normal elimination rate constant would 
produce a longer half-life and would require 
an increase in the dosage interval. 

In patients with both impaired renal func
tion and abnormal volume of distribution 
values, the dose and dosing interval should 
be adjusted accordingly. 

Just as renal dysfunction may alter the 
dosage requirement for drugs eliminated 
renally, hepatic dysfunction alters the dosage 
requirement for hepatically metabolized or 
excreted drugs. For example, the daily dose of 
theophylline must be reduced in patients with 
liver dysfunction. With this agent, however, a 
consistent plasma concentration (as opposed 
to a large difference in peak and trough 
plasma concentrations) is desired. There
fore, with liver dysfunction, smaller doses of 
theophylline than usual are generally admin
istered but at the usual dosage intervals (two 
to four times daily). For a continuous intra
venous infusion, the infusion rate must be 
reduced. 

Genetic Factors, Pharmacogenetics, and 
Pharmacogenomics 
Interpatient variability in drug response may result 
from genetically determined differences in metab
olism, distribution, and target proteins of drugs. 
Pharmacogenetics is the study of genetic varia
tions that lead to interpatient variations in drug 
response. This concept is often used interchange
ably with pharmacogenomics. In the strictest sense, 
pharmacogenetics refers to monogenetic variants 
in drug response while pharmacogenomics refers 
to the entire spectrum of genes that interacts to 
determine drug safety and efficacy. The goals of 
these two areas of study are to optimize drug 
therapy and limit drug toxicity based on an indi
vidual's genetic profile. Information gained from 
studies in these areas will enable clinicians to use 
genetic tests to select a drug, drug dose, and treat
ment duration that will have the greatest likelihood 
for achieving therapeutic outcomes with the least 
potential for adverse effects in a given patient based 
on DNA profiles. Much work has already been done 
in the area of cancer treatment, and information is 
emerging in the areas of cardiology, neurology, and 
infectious disease. 

Genetic variations commonly occur either as rare 
defects or polymorphisms. Rare mutations occur in 
less than 1% of the population while polymorphisms 
occur in at least 1% of humans. To date, polymor
phisms in drug-metabolizing enzymes are the most 
documented examples of genetic variants that result 
in altered drug response and toxicity. We will briefly 
discuss two examples of polymorphic metabolizing 
enzymes and corresponding drugs whose plasma 
concentrations and pharmacologic effect may be 
altered as a result of genetic variation: CYP2C9 and 
warfarin, and CYP2C19 and clopidogrel. 

CYP2C9 is a polymorphic isoenzyme that 
metabolizes warfarin, phenytoin, and tolbutamide. 
The S-isomer of warfarin is metabolized by this 
isoenzyme, and genetic alterations can result in 
significant reductions in clearance necessitating 
substantial dose reductions. On the other hand, 
ultrarapid metabolizers of CYP2C9 require higher 
doses of warfarin. 
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Another factor to consider with warfarin 
metabolism is its target enzyme vitamin K oxido
reductase or VKOR. Warfarin inhibits VKOR, thereby 
preventing carboxylation of vitamin K-dependent 
clotting factors II, VII, IX, and X. Genetic alterations 
in VKOR can result in rare cases of warfarin resis
tance in which carriers of these mutations require 
extremely high warfarin doses, or actually may 
cause a lack of response to warfarin at any dose. 
Specifically, the VKORC1 genotype in combination 
with CYP2CO genotype explains approximately 
30% of the interpatient variability in warfarin doses 
commonly encountered in clinical practice. 

Patients who are intermediate metabolizers 
or poor metabolizers of CYP2C19 may experience 
a reduced response to clopidogrel and potentially 
require higher doses or alternative antiplatelet 
therapy for adequate clinical outcomes. The reason 
is that clopidogrel is a pro-drug that must undergo 
conversion via CYP2C19 to its active form. 

There are many other examples of differences in 
response to drugs and adverse drug reactions due 
to variation in a patient's genetic sequence. These 
sequence variations can affect enzymes respon
sible for drug metabolism, drug targets, and drug 
transporters, all of which will lead to deviation in 
absorption, distribution, metabolism, and elimi
nation. With isoniazid, for example, there are two 
distinct subsets of the population with differences 
in isoniazid elimination (Figure 11-2). The elimina
tion of isoniazid is said to exhibit a bimodal pattern. 
This difference in clearance is caused by geneti
cally controlled differences in hepatic microsomal 
enzyme production. Likewise, genetic differences 
in drug elimination also have been observed for 
hydralazine, warfarin, and phenylbutazone. Poly-
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FIGURE 11-2. 
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Bimodal distribution for isoniazid half-life. 

morphism has been observed in some patients 
associated with decreased expression of P-glyco
protein (a drug transporter in the duodenum). In 
these patients, the bioavailability of P-glycoprotein 
substrates, such as digoxin, is greatly increased; 
therefore, a decrease in dose may be required.1 

Many variants have also been observed in the 
cytochrome P450 enzyme system. These variations 
can cause different responses to drugs metabo
lized by the CYP450 enzyme system. For example, 
poor CYP2D6 metabolizers have been found to 
have elevated fluoxetine levels, and poor CYP2C19 
metabolizers were found to have an increased inci
dence of fluoxetine adverse effects. 2 

Pharmacogenomic research is still in progress. 
Many sequence variations have currently been 
observed, but there are countless polymorphisms 
left to be discovered. Currently; more than 100 drugs 
contain references to pharmacogenetic informa
tion in their approved labeling, and guidelines for 
the use of genetic information in drug prescribing 
are beginning to emerge, including those from 
the Clinical Pharmacogenetics Implementation 
Consortium. These guidelines are available through 
the Pharmacogenomics Knowledge Base website 
(www.PharmGKB.org). 

Obesity 

Obesity alters drug pharmacokinetics. Because 
obesity is common in our society, it is an important 
source of pharmacokinetic variation. With obesity, 
the ratio of body fat to lean tissue is greater than 
in non-obese patients. Fat tissue contains less water 
than lean tissue, so the amount of body water per 
kilogram of total body weight is less in the obese 
person than in the non-obese person. 

For some drugs, alterations in body makeup 
that accompany obesity require changes in drug 
dosages. Drugs that are lipophilic (such as thio
pental) and distribute well into fat tissues must 
often be given in larger doses to achieve the desired 
effects. Drugs that distribute primarily in extra
cellular fluids (such as the aminoglycosides) may be 
given in higher absolute doses to the obese person, 
but the overall milligram per kilogram dose will be 
lower. The morbidly obese person who is twice ideal 
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Another factor to consider with warfarin

metabolism is its target enzyme vitamin K oxide-

reductase or VKO R. Warfarin inhibits VKOR, thereby

preventing carboxylation of vitamin K—dependent

clotting factors 11, VII, IX, and X. Genetic alterations
in VKOR can result in rare cases of warfarin resis-

tance in which carriers of these mutations require

extremely high warfarin doses, or actually may

cause a lack of response to warfarin at any dose.

Specifically, the VKORCI genotype in combination

with CYPZCO genotype explains approximately

30% ofthe interpatient variability in warfarin doses

commonly encountered in clinical practice.

Patients who are intermediate metabolizers

or poor metabolizers of CYF2C19 may experience

a reduced response to clopidogrel and potentially

require higher doses or alternative antiplatelet

therapy for adequate clinical outcomes. The reason

is that clopidogrel is a pro«drug that must undergo
conversion via CYP2C19 to its active form.

There are many other examples ofdifferences in

response to drugs and adverse drug reactions due

to variation in a patient's genetic sequence. These

sequence variations can affect enzymes respon—

sible for drug metabolism, drug targets, and drug

transporters, all of which will lead to deviation in

absorption, distribution. metabolism, and elimi-

nation. With isoniazid, for example, there are two

distinct subsets of the population with differences

in isoniazid elimination [Figure 1 1-2}. The elimina-

tion ofisoniazid is said to exhibit a bimodal pattern.

This difference in clearance is caused by geneti-

cally controlled differences in hepatic microsomal

enzyme production. Likewise, genetic differences

in drug elimination also have been observed for

hydralazine, warfarin, and phenylbutazone. Poly- 
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morphism has been observed in some patients

associated with decreased expression of P-glyco-

protein (a drug transporter in the duodenum]. In

these patients, the bioavailability of P-glycoprotein

substrates, such as digoxin, is greatly increased;

therefore, a decrease in dose may be required.1

Many variants have also been observed in the

cytochrome P450 enzyme system. These variations

can cause different responses to drugs metabo~

head by the CYP450 enzyme system. For example.

poor CYPZDE: metabolizers have been found to

have elevated fluoxetine levels, and poor CYP2E19
metabolizers were found to have an increased inci-

dence offluoxetine adverse effects.Z

Pharmacogenomic research is still in progress.

Many sequence variations have currently been

observed, but there are countless polymorphisms

left to be discovered. Currently, more than 100 drugs

contain references to pharmacogenetic informa-

tion in their approved labeling, and guidelines for

the use of genetic information in drug prescribing

are beginning to emerge, including those from

the Clinical Pharmacogenetics implementation

Consortium. These guidelines are available through

the Pharmacogenomics Knowledge Base website

[www.PharmGKB.org].

Obesity

Obesity alters drug pharmacokinetics. Because

obesity is common in our society, it is an important

source of pharmacokinetic variation. With obesity,

the ratio of body fat to lean tissue is greater than

in non-obese patients. Fat tissue contains less water

than lean tissue. so the amount of body water per

kilogram of total body weight is less in the obese

person than in the non-obese person.

For some drugs, alterations in body makeup

that accompany obesity require changes in drug

dosages. Drugs that are lipophilic [such as thio-

pental] and distribute well into fat tissues must

often be given in larger doses to achieve the desired

effects. Drugs that distribute primarily in extra-

cellular fluids (such as the aminoglycosides) may be

given in higher absolute doses to the obese person,

but the overall milligram per kilogram dose will be

lower. The morbidly obese person who is twice ideal
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body weight will have an amino glycoside volume of 
distribution that is approximately 1.4 times greater 
than a person of ideal body weight. 3 

Other Factors 
Many other factors may affect drug pharmacokinetics, 
including pregnancy and drug interactions. Specific 
changes in pharmacokinetics during pregnancy 
include increased renal drug clearance, alterations 
in volume of distribution, and changes in plasma 
protein binding. Another example of an effect 
on pharmacokinetics is the histamine-2 blocker, 
cimetidine, which inhibits the hepatic enzymes 
that metabolize theophylline, thereby decreasing 
theophylline clearance. When evaluating drug 
pharmacokinetics in an individual patient, the clini
cian must consider the many factors that may cause 
variations from the expected results. 

Potential Sources of Error in the 
Collection and Assay of Biologic 
Samples 

Pharmacokinetic calculations depend greatly on the 
validity of the reported drug concentration from 
a biologic sample (e.g., blood, serum, or plasma). 
Using incorrect concentration values to calculate 
dosages can result in subtherapeutic or suprathera
peutic (i.e., toxic) drug concentrations. Inaccurate 
concentration values can result from incorrect drug 
sampling or assay procedures. To ensure that drug 
concentrations are valid, several factors should be 
considered: 

• proper laboratory sample collection and 
handling, 

• physiochemical factors affecting assay 
accuracy, 

• proper laboratory instrument calibration 
and controls check, and 

• proper drug administration and sample 
timing. 

Sample Collection and Handling 
To measure drug concentrations, whole blood is 
usually collected in a blood collection tube called 
a serum separator tube (SST). The SST contains a 

gel barrier that separates the fluid portion of blood 
from the solid portion. After collection, the blood 
is first allowed to clot, which takes approximately 
30 minutes, and is then centrifuged for at least 15 
minutes to separate the solid components of the 
blood (blood cells, fibrin, fibrinogen, etc.) from the 
fluid component. This fluid component is called 
serum. If whole blood is centrifuged before it clots, 
then only the blood cells are separated from the 
fluid component, which is called plasma (Figure 
11-3). 

Most assays of therapeutically monitored drugs 
are performed on serum, hence the term serum drug 
concentration. However, the operations manual for 
specific assay instruments often indicate whether 
a particular drug may be tested using plasma or 
serum. Most instruments allow the use of either 
serum or plasma. 

The assay should be performed within 24 hours 
of sample collection. If this is not possible, refrig
erate the sample (at 2-6°C) until the assay can be 
performed. 

If plastic or glass SSTs are used, it is important 
to ensure that the drug to be assayed is not affected 
(i.e., absorbed or adsorbed) by the polymeric gel 
barrier used to separate the plasma from the cells. 
The composition of this barrier depends on the 
brand of SST used. The barriers are usually made of 
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body weight will have an aminoglycoside volume of

distribution that is approximately 1.4 times greater

than a person ofideal body weight.3

Other Factors

Many other factors may affect drug pharmacokinetics,

including pregnancy and drug interactions. Specific

changes in pharmacokinetics during pregnancy

include increased renal drug clearance, alterations

in volume of distribution, and changes in plasma

protein binding. Another example of an effect

on pharmacokinetics is the histamine-2 blocker,

cimetidine, which inhibits the hepatic enzymes

that metabolize theophylline, thereby decreasing

theophylline clearance. When evaluating drug

pharmacokinetics in an individual patient, the clini-

cian must consider the many factors that may cause

variations from the expected results.

Potential Sources of Error in the

Collection and Assay of Biologic

Samples

Pharmacokinetic calculations depend greatly on the

validity of the reported drug concentration from

a biologic sample {e.g., blood, serum, or plasma].

Using incorrect concentration values to calculate

dosages can result in subtherapeutic or suprathera-

peutic (i.e., toxic] drug concentrations. Inaccurate

concentration values can result from incorrect drug

sampling or assay procedures. To ensure that drug
concentrations are valid. several factors should be
considered:

- proper laboratory sample collection and

handling,

- physiochemical factors affecting assay
accuracy,

- proper laboratory instrument calibration
and controls check, and

- proper drug administration and sample

timing.

Sample Collection and Handling

To measure drug concentrations, whole blood is

usually collected in a blood collection tube called

a serum separator tube [SST]. The SST contains a

gel barrier that separates the fluid portion of blood

from the solid portion. After collection, the blood

is first allowed to clot, which takes approximately

30 minutes, and is then centrifuged for at least 15

minutes to separate the solid components of the

blood {blood cells, fibrin. fibrinogen, etc.) from the

fluid component. This fluid component is called

serum. If whole blood is centrifuged before it clots,

then only the blood cells are separated from the

fluid component, which is called plasma [Figure

11-3).

Most assays of therapeutically monitored drugs

are perform ed on serum, hence the term serum drug

concentration. However, the operations manual for

specific assay instruments often indicate whether

a particular drug may be tested using plasma or
serum. Most instruments allow the use of either

serum or plasma.

The assay should be performed within 24 hours

of sample collection. If this is not possible, refrig—

erate the sample [at 2—6°C] until the assay can be

performed.

If plastic or glass SSTs are used, it is important

to ensure that the drug to be assayed is not affected

[i.e., absorbed or adsorbed] by the polymeric gel

barrier used to separate the plasma from the cells.

The composition of this barrier depends on the

brand of SST used. The barriers are usually made of 
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acrylic, silicon, or polyester polymers, and although 
they are generally chemically inert, they can absorb 
or adsorb the drug being tested. 

The degree of absorption or adsorption depends 
on the hydrophilicity of the drug, the type of barrier 
used in the SST, the amount of contact time, and 
the volume of the plasma sample. For example, 
decreases ranging from 6 to 64% were reported 
in measured concentrations of phenytoin, pheno
barbital, lidocaine, quinidine, and carbamazepine 
when plasma was stored in Vacutainer SST collec
tion tubes.4 Adsorption or absorption of drug by 
the SST barrier is of particular concern when small 
sample volumes are used (e.g., in pediatric patients) 
or prolonged storage times are required. 

Physicochemical Factors Affecting Assay 
Accuracy 
Most commercially available drug assay methods 
are immunoassays that use an antibody specific 
for binding sites only on the drug to be assayed. 
Various detection methods, such as fluorescence 
polarization with instruments such as Abbott 
Diagnostics' TDX/FLEX/ ADX and other instru
ments, are used to quantitate the amount of drug 
present. These assays can detect the presence of 
drug at very low concentrations (i.e., microgram or 
nanogram amounts). 

Several assay-specific factors listed in the assay 
kit package insert can aid in the clinical interpreta
tion of a plasma drug concentration. 

Lower Limit of Drug Detection 

The lower limit of drug detection indicates the 
lowest drug concentration that the assay can reli
ably report. This is a function of the particular assay 
instrument and is called assay sensitivity. Assay 
sensitivity is the lowest measurable drug concen
tration that can be distinguished from zero with 
95% confidence. Plasma drug concentrations lower 
than this concentration should be reported as less 
than this value. 

Clinical Correlate 

Use caution when interpreting a serum drug 
concentration reported as< X (e.g.,< 0.5 mg/L). 
This is not the same value as X, but instead 
means that the sample has no detectible drug 
concentration above the assay's lower limit of 
sensitivity. Consequently, this value could be 0, 
and it could have been 0 for many hours. One 
cannot reliably use this value to calculate 
patient-specific Kvalues. 

Upper Limit of Drug Detection 

The upper limit of drug detection indicates the 
highest drug concentration that can be accurately 
measured. Plasma drug concentrations above the 
upper limit will often be reported as higher than 
this value. If this occurs, assay parameters can be 
adjusted to increase the dilution volume of the 
plasma sample, thus allowing higher drug concen
trations to be measured. 

Assay Interference 

Assay interferences are generally categorized as 
cross-reactivity and physiologic interferences. The 
degree of cross-reactivity with other structur
ally similar compounds is called assay specificity. 
Cross-reactivity is a function of the specificity of 
the antibody used to bind to the drug. Often, this 
antibody will also at least partially bind to other 
compounds that are structurally related to the 
desired analyte, such as metabolites and chemical 
analogues of the analyte. 

For example, gentamicin assays cross-react 
with the seldom-used aminoglycoside netilmicin, 
and amikacin assays cross-react with kanamycin; 
however, gentamicin and tobramycin assays do not 
generally cross-react. In addition, patients with 
impaired renal function who are receiving vanco
mycin have been shown to accumulate a vancomycin 
metabolite called vancomycin crystalline degrada-
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acrylic, silicon, or polyester polymers, and although

they are generally chemically inert, they can absorb

or adsorb the drug being tested.

The degree ofabsorption or adsorption depends

on the hydrophilicity ofthe drug, the type ofbarrier
used in the SST, the amount of contact time. and

the volume of the plasma sample. For example,

decreases ranging from 6 to 64% were reported

in measured concentrations of phenytoin, pheno-

barbital, lidocaine. quinidine, and carbamazepine

when plasma was stored in Vacutainer SST collec-

tion tubes.‘ Adsorption or absorption of drug by

the SST barrier is of particular concern when small

sample volumes are used [e.g., in pediatric patients)

or prolonged storage times are required.

Physicochemical Factors Affecting Assay

Accuracy

Most commercially available drug assay methods

are immunoassays that use an antibody specific

for binding sites only on the drug to be assayed.
Various detection methods, such as fluorescence

polarization with instruments such as Abbott

Diagnostics’ TDX/FLEX/ADX and other instru-

ments, are used to quantitate the amount of drug

present. These assays can detect the presence of

drug at very low concentrations [i.e., microgram or

nanogram amounts].

Several assay-specific factors listed in the assay

kit package insert can aid in the clinical interpreta-

tion ofa plasma drug concentration.

Lower Limit of Drug Detection

The lower limit of drug detection indicates the

lowest drug concentration that the assay can reli-

ably report. This is a function of the particular assay

instrument and is called assay sensitivity. Assay

sensitivity is the lowest measurable drug concen-

tration that can be distinguished from zero with

95% confidence. Plasma drug concentrations lower

than this concentration should be reported as less
than this value.

 

 

Clinical Correlate

Use caution when interpreting a serum drug

concentration reported as 4: X (e.g., < 0.5 mgiL).

This is not the same value as X, but instead

means that the sample has no detectible drug

concentration above the assays lower limit of

sensitivity. Consequently, this value could be 0,

and it could have been 0 for many hours. One

cannot reliably use this value to calculate

patient-specific K values.
_

Upper Limit of Drug Detection

The upper limit of drug detection indicates the

highest drug concentration that can be accurately

measured. Plasma drug concentrations above the

upper limit will often be reported as higher than

this value. If this occurs. assay parameters can be

adjusted to increase the dilution volume of the

plasma sample, thus allowing higher drug concen-
trations to be measured.

Assay interference

Assay interferences are generally categorized as

cross-reoctivigr and physiologic interferences. The

degree of cross-reactivity with other structur-

ally similar compounds is called assay specificity.

Cross-reactivity is a function of the specificity of

the antibody used to bind to the drug. Often, this

antibody will also at least partially bind to other

compounds that are structurally related to the

desired analyte, such as metabolites and chemical

analogues ofthe analyte.

For example, gentamicin assays cross-react

with the seldom-used aminoglycoside netilmicin,

and amikacin assays cross-react with kanamycin;

however, gentamicin and tobramycin assays do not

generally cross-react. in addition, patients with

impaired renal function who are receiving vanco-

mycin have been shown to accumulate a vancomycin

metabolite called voncomycin crystalline degrada-
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tion product 1 (CDP-1). CDP-1 can cross-react with 
older assays for vancomycin; however, many newer 
assay methodologies have reduced this assay inter
ference to an acceptable amount. Clinicians must 
still be aware of this potential for cross-reactivity. 
Physiologic substances in the patient's sample may 
also interfere with the assay. Examples include 
excess amounts of bilirubin, hemoglobin (i.e., hemo
lyzed sample), protein, and triglycerides. Plasma 
drug concentrations are usually not affected by such 
interferences. 

Clinical Correlate 

Ask your laboratory's clinical chemistry 
department for copies of the assay kit package 
inserts for all drugs that they assay in-house. 
These inserts will provide useful information, 
such as the upper and lower limits of assay 
sensitivity, as well as interfering and cross
reacting substances. 

Instrument Calibration and Controls 
Check 
Each drug assay should be calibrated to establish 
a linear relationship between drug concentration 
and the instrument's detection method. Calibration 
of the assay is an automatic process of measuring 
and plotting different known drug concentra
tions (i.e., calibrators) based on the instrument's 
method of detection and measurement. Most assay 
instruments use some type of spectrophotometric 
measurement unit, such as fluorescence polariza
tion with Abbott's TDX instrument. Figure 11-4 
is a plot of drug concentration versus the instru
ment's detection measure (polarization), showing 
the linear relationship between concentration and 
polarization. Note that the calibration curve is not 
linear at very high and very low drug concentra
tions. 

Once this calibration plot or curve is stored in 
the instrument's software, other unknown drug 
concentrations (i.e., patient samples) can be accu
rately determined from this plot. As a quality control 
check, at least two different known concentrations 

(control values) should be tested for each drug 
assay per working shift. If these control values are 
out of range, as defined per individual laboratory 
standards, then this assay should be recalibrated 
and measurement of the patient's plasma drug 
concentration repeated. 

Drug Administration and Sample Timing 
To accurately assess drug concentration data and 
make dosing recommendations, it is important to 
be aware of administration and sampling factors 
that may affect the reported drug concentra
tions. First, drug administration times should be 
documented, noting any deviations from the recom
mended dosing schedule. Second, sampling times 
should be carefully noted so that adjustments can 
be made in dosage calculations if necessary. Third, 
it is important to note any other medications the 
patient is receiving. Occasionally, a patient's sample 
will contain two drugs, one of which can inactivate 
the other, particularly if both drugs are infused 
concomitantly, the sample is taken while the inter
fering drug is infusing, or a sample containing both 
drugs is stored at room temperature for a prolonged 
period. 

A good example is the in vitro inactivation of 
the aminoglycosides by penicillins. Cephalosporins 
have not been shown to inactivate aminoglycosides.5 

Penicillins and aminoglycosides form a chemical 
complex that is not detected by commercially avail-

c:: 
0 

~ 
·;: 
Cll 
0 a. 
Gi z 

Nonlinear 
(nonreportable) area 

t " 
" " " " " 

Linear portion of 
calibration curve 
represents the 

reportable range for a 
serum drug concentration 

/ 

" , " Nonlinear 
, " (nonreportable) 

" / area 

Drug Concentration 

FIGURE 11 -4. 
Drug concentration versus net polarization. 
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able drug assays.6 This in vitro inactivation results 
in a falsely low plasma drug concentration report, 
which can in turn result in an unnecessary dosage 
increase. Quantitatively, the aminoglycoside concen
tration can decline to less than 10% of its original 
concentration within 24 hours of the beginning of 
this reaction. These reactions are time and tempera
ture dependent. Refrigerating the sample slows the 
inactivation process, and freezing the sample stops 
it completely. To avoid the inactivation process, it 
is important to adjust the administration times to 
avoid concomitant infusions of aminoglycosides 
and penicillins. Drawing a plasma aminoglycoside 
concentration during infusion of the penicillin 
should be avoided as well. 

Clinical Correlate 

When assaying the concentration of an 
aminoglycoside from a patient who is 
concomitantly receiving a penicillin, the 
laboratory must perform the assay immediately 
or freeze the sample. Freezing the sample 
instantly stops the in vitro inactivation of the 
aminoglycoside by the penicillin, whereas 
refrigerating the sample only slows down 
this degradation reaction. If the assay is not 
performed immediately, the aminoglycoside level 
from the assay will be lower than the patient's 
actual serum aminoglycoside level. 

Model-Independent Relationships 

Until now, we have used a major assumption in 
constructing models for drug pharmacokinetics: 
that drug clearance remains constant with any size 
dose. Drug clearance remains constant for small or 
large doses when drug elimination processes are 
first order (as described in previous lessons). With 
a first-order elimination process, as the dose of 
drug increases, the plasma concentrations observed 
and the area under the plasma drug concentration 
versus time curve (AUC) increase proportionally. 
That is, if the dose is doubled, the plasma concen
tration and AUC also double. 

Throughout this self-instructional course, we 
have emphasized the mathematical relationships 
of specific pharmacokinetic compartmental models 
(e.g., one- or two-compartment model after an 
intravenous bolus or oral dose administration). This 
lesson reviews several pharmacokinetic param
eters that are derived without the assumption of a 
specific model. 

The primary purpose of rigorous pharmaco
kinetic data analysis, compartmental or model
independent, is to determine the pharmacokinetic 
parameters useful in dosing drugs for patients. 
Consequently, multiple plasma drug concentra
tions are obtained at specific time points in healthy 
and diseased persons to assess a drug's population 
pharmacokinetic parameters. In clinical practice, it 
may be difficult to obtain multiple plasma samples 
after the first dose to determine a patient's pharma
cokinetic parameters. Consequently, clinicians use 
population parameters from the literature to make 
individual patient dosage calculations. 

Model-independent pharmacokinetic data 
analysis provides the opportunity to obtain 
pharmacokinetic values that do not depend on a 
compartmental model. Total body clearance, mean 
residence time (MRT), volume of distribution at 
steady state, and formation clearance are four of the 
most frequently used model-independent param
eters and are the focus of this section. 

The use of model-independent data analysis 
techniques to generate model-independent param
eters offers several advantages over traditional 
compartmental approaches. First, it is not neces
sary to assume a compartmental model. Many drugs 
possess complex distribution patterns requiring 
two, three, or more exponential terms to describe 
their elimination. As the number of exponential 
terms increases, a compartmental analysis requires 
more intensive blood sampling and rigorous data 
calculations. Second, several drugs (e.g., gentamicin) 
can be described by one, two, or more distribution 
compartments, depending on the characteristics 
of the patients evaluated or the aggressiveness of 
the blood sampling. Therefore, a compartmental 
approach would require that pharmacokinetic 
parameters be obtained for each distribution 
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pattern, making it difficult to compare one data set 
to another. Third, calculations are generally easier 
with model-independent relationships and do not 
require a computer with sophisticated software. 

One drawback of using model-independent 
parameters is the inability to visualize or predict 
plasma concentration versus time profiles. This 
may result in the loss of specific information that 
provides important insight regarding drug disposi
tion. 

Like compartmental pharmacokinetic data 
analysis, the main purpose of assessing plasma 
concentration versus time data with model
independent relationships is to determine useful 
pharmacokinetic parameters. These parameters are 
usually, but not always, obtained from serial plasma 
concentration determinations after a single intrave
nous bolus or oral dose of a drug. 

In practice, total body clearance and apparent 
volume of distribution are the two most important 
pharmacokinetic parameters because they facilitate 
the calculation of maintenance and loading dose 
regimens, respectively. Understanding the effect 
that disease, altered physiologic state, or drug-drug 
interaction may have on these pharmacokinetic 
parameters is important in applying these princi
ples to clinical practice. AUC and area under the first 
moment curve (AUMC) are two tools used to calcu
late most model-independent parameters. AUC and 
AUMC are discussed in the next section. 

Total Body Clearance 

Total body clearance (Cit) is the most important 
pharmacokinetic parameter because it relates 
the dosing rate of a drug to its steady-state 
concentration. It is usually used to calculate a main
tenance-dosing regimen. An estimate of Cit for a 
drug is usually obtained after a single intravenous 
bolus dose (Figure 11-5). Total body clearance is 
calculated with the following equation: 

(See Equation 3-5.) 

FIGURE 11-5. 
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Concentration versus time profile after a single intravenous 
dose. AUC = area under the plasma drug concentration versus 
time curve. 

where: 

X0 = drug dose, and 

AUC0_,oo = area under the concentration versus 
time curve from time zero to infinity. 

This is a model-independent relationship because 
calculations do not depend on a specific compart
mental model. In other words, we only need the 
dose and the AUC0_, 00 to calculate total body clear
ance. Because the dose is known, a determination of 
the AUC_,00 is all that is needed. 

As you can see from Figure 11-6, the trape
zoidal rule applies only to drugs whose clearance is 
constant with respect to dose and does not apply to 
drugs whose clearance is nonlinear. Remember, the 
trapezoidal rule is a model-independent approach 
used to directly calculate the AUC of the drug from 
time zero to the time point that coincides with the 
last measured plasma concentration value (t1ast)· 
However, because AUC must include all of the area 
from zero to infinity after a single intravenous 
bolus dose, an estimate of the area between t1ast and 
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FIGURE 11-6. 
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Concentration x time versus time curve. AUMC = area under 
the first moment curve. 
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pattern, making it difficult to compare one data set

to another. Third, calculations are generally easier

with modeHndependent relationships and do not

require a computer with sophisticated software.

One drawback of using model-independent

parameters is the inability to visualize or predict

plasma concentration versus time profiles. This

may result in the loss of specific information that

provides important insight regarding drug disposi—
tion.

Like compartmental pharmacokinetic data

analysis, the main purpose of assessing plasma
concentration versus time data with model-

independent relationships is to determine useful

pharmacokinetic parameters. These parameters are

usually. but not always, obtained from serial plasma

concentration determinations after a single intrave-

nous bolus or oral dose ofa drug.

in practice, total body clearance and apparent

volume of distribution are the two most important

pharmacokinetic parameters because they facilitate

the calculation of maintenance and loading dose

regimens, respectively. Understanding the effect

that disease, altered physiologic state. or drug—drug

interaction may have on these pharmacokinetic

parameters is important in applying these princi-

ples to clinical practice. AUC and area under the first

moment curve [AUMC] are two tools used to calcu-

late most model-independent parameters. AUC and
AUMC are discussed in the next section.

Total Body Clearance

Total body clearance [Cit] is the most important

pharmacokinetic parameter because it relates

the dosing rate of a drug to its steady-state

concentration. it is usually used to calculate a main-

tenance-dosing regimen. An estimate of CIr for a

drug is usually obtained after a single intravenous

bolus dose (Figure 11-5]. Total body clearance is

calculated with the following equation:

_ X0
‘ AUGD—roc

Cl

{See Equation 3-5.]
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Concentration versus time profile after a single intravenous

dose. AUC = area under the plasma drug concentration versus
time curve.

where:

XL. = drug dose. and

lliUCfHm 2 area under the concentration versus

time curve from time zero to infinity.

This is a model-independent relationship because

calculations do not depend on a specific comparb

mental model. In other words, we only need the

dose and the AUG;Mo to calculate total body clear-
ance. Because the dose is known, a determination of

the AUGm is all that is needed.

As you can see from Figure 11-6, the trape-

zoidal rule applies oniy to drugs whose clearance is

constant with respect to dose and does not apply to

drugs whose clearance is nonlinear. Remember. the

trapezoidal rule is a model-independent approach

used to directly calculate the AUC of the drug from

time zero to the time point that coincides with the

last measured plasma concentration value {film}.

However, because AUC must include all of the area

from zero to infinity after a single intravenous

bolus close. an estimate of the area between rm and
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Concentration x time versus time curve. AUMC : area under
the first moment curve.

 

Opiant Exhibit 2059
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc.

|PR2019—00685

Page 175



168 
Concepts in Clinical Pharmacokinetics 

infinity is needed. This terminal area can be easily 
obtained by the following equation: 

terminal area = clast 
A 

where: 

Ctast = last measured plasma concentration, and 

A =terminal elimination rate constant. 

Two key assumptions in estimating this 
terminal AUC are that you have a reliable estimate 
of the terminal elimination rate constant (i.e., slope) 
and that this value remains constant between t 1ast 

and infinity. 

To determine several model-independent rela
tionships, such as MRT and volume of distribution 
at steady state, it is important to understand how 
to calculate the AUMC. The AUMC is the area under 
the drug concentration versus time versus time curve. 
The AUMC is generated with the AUC data from the 
concentration versus time profile for a single intra
venous bolus dose (see Figure 11-5). 

To calculate AUMC after a single intravenous 
bolus dose of a drug, it is necessary to collect serial 
drug plasma concentrations over time, determine 
concentration x time for each plasma concentra
tion, and plot these values versus time on graph 
paper (see Figure 11-6). 

As you can see from Figure 11-6, the shape 
of the [concentration x time] versus time curve 
is very different from the drug plasma concen
tration (C) versus time (t) plot used to calculate 
AUC. The trapezoidal rule can be used to calculate 
AUM C. Following a plot as in Figure 11-6, a series of 
straight lines can be drawn from the concentration 
x time point to its accompanying time value on the 
x-axis, forming individual trapezoids (Figure 11-7). 
The area of each trapezoid is calculated with the 
following equation: 

. (C X t ) + (C X t) 
area of trapeZOid = 2 2 1 1 (t2 - t1) 

2 

The sum of all of the trapezoidal areas yields 
an estimate of the AUMC from time zero to the last 
observed time point. As in calculating AUC, it is 
important to obtain AUMC from time zero to infinity. 
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FIGURE 11-7. 
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Concentration x time versus time curve with trapezoids. 

Consequently, the terminal area, which includes the 
portion of the curve from ttast to infinity, must be 
estimated. Assuming the terminal elimination slope 
remains constant over this time period, the terminal 
area is calculated with the following equation: 

terminal area= (Clast X tlast ) +clast 

A A2 

where: 

clast= last observed plasma concentration, 

t 1ast = time of the last observed plasma 
concentration, and 

A = terminal elimination rate constant from 
the concentration versus time curve. A is 
used here (instead of K) to indicate that 
this represents elimination in a model
independent or noncompartmental analysis. 

Mean Residence Time 

MRT is defined as the average time intact drug mole
cules transit or reside in the body. For a population 
of drug molecules, individual molecules spend 
different times within the body. Following the princi
ples of statistical probability, specific drug molecules 
may be eliminated quickly, whereas others may 
remain in the body much longer. Consequently, a 
distribution oftransittimes can be characterized by 
a mean value. In other words, elimination of a drug 
can be thought of as a random process. Residence 
time reflects how long a particular drug molecule 
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infinity is needed. This terminal area can be easily

obtained by the following equation:

. C

terminal area =f
where: 0

E
l’.‘lasl = last measured plasma concentration, and x E '2c

9 5‘

7t = terminal elimination rate constant. E ‘5,
SE

Two key assumptions in estimating this 2
terminal AUC are that you have a reliable estimate

ofthe terminal elimination rate constant {i.e., slope}

and that this value remains constant between has,

and infinity.

To determine several model-independent rela-

tionships, such as MRT and volume of distribution

at steady state, it is important to understand how
to calculate the AUMC. The AUMC is the area under

the drug concentration versus time versus time curve.

The AUMC is generated with the AUC data from the

concentration versus time profile for a single intra-

venous bolus dose {see Figure 11-5].

To calculate AUMC after a single intravenous

bolus dose ofa drug. it is necessary to collect serial

drug plasma concentrations over time, determine

concentration x time for each plasma concentra-

tion, and plot these values versus time on graph

paper [see Figure 11-6}.

As you can see from Figure 11-6, the shape

of the [concentration x time] versus time curve

is very different from the drug plasma concen-

tration [C] versus time [t] plot used to calculate

AUC. The trapezoidal rule can be used to calculate

AUMC. Following a plot as in Figure 1 1-6, a series of

straight lines can be drawn from the concentration

3-: time point to its accompanying time value on the

x-axis, forming individual trapezoids [Figure 11-7].

The area of each trapezoid is calculated with the

following equation:

area of trapezoid = W (E 41)

The sum of all of the trapezoidal areas yields
an estimate of the AUMC from time zero to the last

observed time point. As in calculating AUC, it is

important to obtain AUMC from time zero to infinity.
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FIGURE 11-7.

Concentration x time versus time curve with trapezoitls.

Consequently, the terminal area, which includes the

portion of the curve from has, to infinity, must be

estimated. Assuming the terminal elimination slope

remains constant over this time period, the terminal

area is calculated with the following equation:

(Crest x ties!) +‘C‘_u:r
kt

terminal area =

where:

Clast :

than = time ofthe last observed plasma
concentration, and

last observed plasma concentration,

terminal elimination rate constant from

the concentration versus time curve. it is

used here [instead 0in to indicate that

this represents elimination in a model-

independent or noncompartmental analysis.

Mean Residence Time

MRTis defined as the average time intact drug mole-

cules transit or reside in the body. For a population

of drug molecules, individual molecules spend

differenttimes within the body. Following the princi-

ples ofstatistical probability, specific drug molecules

may be eliminated quickly, whereas others may

remain in the body much longer. Consequently, a

distribution oftransit times can be characterized by

a mean value. In other words, elimination ofa drug

can be thought of as a random process. Residence

time reflects how long a particular drug molecule
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remains or resides in the body. The MRT reflects 
the overall behavior of a large number of drug 
molecules. This parameter is not used frequently in 
clinical practice to monitor patients. However, it is 
useful when comparing the effect of disease, altered 
physiologic state, or drug-drug interaction on the 
pharmacokinetics of a specific drug. MRT can be 
calculated with the following equation: 

Volume of Distribution at Steady State 

Volume of distribution at steady state (V55) is a 
parameter that relates total amount of drug in the 
body to a particular plasma concentration after 
a single dose. This parameter is not affected by 
changes in drug elimination or clearance, making it 
a useful tool in assessing the effect disease, altered 
physiologic state, or drug-drug interaction may 
have on the volume of distribution of a drug. Vss 
was calculated previously but was only applicable 
to a drug fitting a two-compartment model. The 
following equation for V55 does not depend on the 
model used to describe drug distribution or elimi
nation from the body: 

~s = MRT X Cl1 

And since: 

MRT = AUMCo-.oo and Cl 
AUCO-.oo / 

then: 

V = X0 X AUMC0_. 00 

ss (AUC )2 0-->oo 

Formation Clearance 

Formation clearance (ClP~mx) is a model-indepen
dent parameter that provides a meaningful estimate 
of the portion of the total body clearance that is 
accounted for by production of a specific metabo
lite. Formation clearance is analogous to systemic 
and renal clearance of a drug and refers to the 
formation of metabolites in the course of drug elim
ination. This parameter is not used to individualize 

a patient's drug dosing regimen, but is useful when 
assessing the impact that a specific drug treatment, 
disease, or altered physiologic state may have on a 
specific metabolic pathway of a drug. The following 
equations are used to calculate the formation clear
ance of a drug: 

where: 

Clp_,ml = fractional clearance of the parent 
drug (P) to form metabolite 1 (m 1), 

F, l = fraction of metabolite m1 formed from 
a single dose of the parent drug, and 

Cit = total body clearance. 

Or: 

where: 

m1,11 = amount of metabolite m1 excreted in 
the urine. 

For example, if a drug is metabolized by three 
separate enzyme systems, each producing a unique 
metabolite, what effect would the addition of a 
known hepatic enzyme inducer have on the indi
vidual metabolic pathways? Figure 11-8 provides a 
visual perspective of this situation. 

(' m1 ,u 

xo 
Parent .. 
Drug m2 m2,u 

!m 
3 m3,u 

FIGURE 11 -8. 
Metabolic pathways for a parent drug, where m, = metabolite 1, 
m,,u = amount of m, excreted in the urine, m2 = metabolite 2, 
m2,u = amount of m2 excreted in the urine, m3 = metabolite 3, 
and m3,u = amount of m3 excreted in the urine. 
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remains or resides in the body. The MRT reflects

the overall behavior of a large number of drug

molecules. This parameter is not used frequently in

clinical practice to monitor patients. However, it is

useful when comparing the effect ofdisease, altered

physiologic state, or drug—drug interaction on the

pharmacokinetics of a specific drug. MRT can be

calculated with the following equation:

AUMC
T :; Dun;

MR AUCDam:

Volume of Distribution at Steady State

Volume of distribution at steady state {V5} is a

parameter that relates total amount of drug in the

body to a particular plasma concentration after

a single dose. This parameter is not affected by

changes in drug elimination or clearanceI making it

a useful tool in assessing the effect disease, altered

physiologic state, or drug—drug interaction may

have on the volume of distribution of a drug. if“

was calculated previously but was only applicable

to a drug fitting a two-compartment model. The

following equation for V“ does not depend on the

model used to describe drug distribution or elimi-

nation from the body:

 

V53 2 MRT >< Clr

And since:

AUMC X
MRT :4"” and Cl 2 0

Allow ' AUC,_,.,

then:

v _ Xu X Aunow
5‘ (AUCHW )2

Formation Clearance

Formation clearance [Clp—imx] is a model-indepen-

dent parameter that provides a meaningful estimate

of the portion of the total body clearance that is

accounted for by production of a specific metabo-

lite. Formation clearance is analogous to systemic

and renal clearance of a drug and refers to the

formation of metabolites in the course of drug elim-

ination. This parameter is not used to individualize

a patient’s drug dosing regimen, but is useful when

assessing the impact that a specific drug treatment,

disease, or altered physiologic state may have on a

specific metabolic pathway ofa drug. The following

equations are used to calculate the formation clear~

ance ofa drug:

Ole—uni : Fm Cl:

where:

Cl =i'J—uml
fractional clearance ofthe parent

drug 0“} to form metabolite 1 [m,),

in],l1 — fraction ofmetabolite inl formed from

a single dose ofthe parent drug, and

  

 

C1, = total body clearance.

Or:

in X

ClP—prnl :[ II“ ][ O JXo AUCo—m

: mill
AUCU—)m

where:

mm, = amount of metabolite in, excreted in
the urine.

For example, if a drug is metabolized by three

separate enzyme systems, each producing a unique
metabolite, what effect would the addition of a

known hepatic enzyme inducer have on the indi-

vidual metabolic pathways? Figure 11-3 provides a

visual perspective of this situation. 

 
FIGUHE11-B.

Metabolic pathways for a parent drug, where m. = metabolite 1.

in”, = amount of m, excreted in the urine. m2 = metabolite 2,

m2, = amount of m, excreted in the urine. m3 = metabolite 3,
and m3_,,= amount of ma excreted in the urine.
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To simplify this example, we will assume that 
systemic clearance equals hepatic clearance, these 
three metabolic pathways account for 100% of the 
hepatic clearance of the drug, the metabolite is 
rapidly secreted unchanged in the urine, and the 
dose is equal to 100 mg. Table 11-1 shows the effect 
of an enzyme inducer on each metabolic pathway 
portrayed in Figure 11-8 as shown by changes in 
the percentage of drug dose excreted in the urine 
for each metabolite and formation clearance. 

As Table 11-1 shows, the administration of an 
enzyme inducer substantially increased the systemic 
clearance of this drug, from 25 to 75 mL/minute. 
However, the change in the percentage of the dose 
excreted as a specific metabolite does not exactly 
reflect the change in formation clearance values. 
The percentage of dose excreted in the urine for 
m1 was reduced threefold, but no change in the 
formation clearance was observed. This means that 
the enzyme inducer had no effect on the enzyme 
responsible for producing m1. 

On the other hand, treatment with the enzyme 
inducer produced only a 1.3-fold increase in the 
percentage of the dose excreted in the urine for m2 

but a fourfold increase in its formation clearance. 
Finally, the percentage of dose excreted in urine 
for m3 was unchanged despite a threefold increase 
in its formation clearance. Because the formation 
clearance of a drug to a metabolite reflects more 
accurately the activity of that specific enzyme, the 

data would suggest that the enzyme( s) responsible 
for the formation of m2 and m3 was significantly 
increased by the enzyme inducer, whereas the 
enzyme(s) responsible for the formation of m1 was 
unaffected. The preceding example demonstrates 
the value of formation clearance versus the more 
traditional approach of calculating the percentage 
of a drug dose excreted as a specific metabolite. 
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TABLE 11-1. Changes in Formation Clearance of Three Metabolites as a Result of Enzyme Induction 

Percentage of Dose Formation Clearance 
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m2 50.0 12.5 

m3 30.0 7.5 

Enzyme induction (CI1 = 75 mUminute) m1 6.7 5.0 

m2 63.3 47.5 

m3 30.0 22.5 
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Concepts in Clinical Pharmacokinetics

To simplify this example, we will assume that

systemic clearance equals hepatic clearance, these

three metabolic pathways account for 100% of the

hepatic clearance of the drug, the metabolite is

rapidly secreted unchanged in the urine, and the

dose is equal to 100 mg. Table 11-1 shOWs the effect

of an enzyme inducer on each metabolic pathway

portrayed in Figure 11-8 as shown by changes in

the percentage of drug dose excreted in the urine
for each metabolite and formation clearance.

As Table 11-1 shows, the administration of an

enzyme inducer substantially increased the systemic

clearance of this drug, from 25 to '75 mLfminute.

However, the change in the percentage of the dose

excreted as a specific metabolite does not exactly

reflect the change in formation clearance values.

The percentage of dose excreted in the urine for

In, was reduced threefold, but no change in the
formation clearance was observed. This means that

the enzyme inducer had no effect on the enzyme

responsible for producing m1.

On the other hand, treatment with the enzyme

inducer produced only a 13-fold increase in the

percentage of the dose excreted in the urine for m,
but a fourfold increase in its formation clearance.

Finally, the percentage of dose excreted in urine

for m; was unchanged despite a threefold increase
in its formation clearance. Because the formation

clearance of a drug to a metabolite reflects more

accurately the activity of that specific enzyme, the

data would suggest that the enzyme(s] responsible

for the formation of m2 and m3 was significantly

increased by the enzyme inducer; whereas the

enzyme[s] responsible for the formation ofrn1 was

unaffected. The preceding example demonstrates
the value of formation clearance versus the more

traditional approach of calculating the percentage

ofa drug dose excreted as a specific metabolite.

References

1. Evans WE, McLeod HL. Pharmacogenomics—

Drug disposition, drug targets, and side effects. N

Eagij Med 2003;348[6]:538—47.

2. Mancana D, Kerewin RW. Role of pharmaco-

genomics in individualising treatment with SSRls.

CNSDrugs2003:17[3):143—51.

3. Bauer LA, Blouin RA, Griffin W0, et al. Amikacin

pharmacokinetics in morbidly obese patients.

Am} Hosp Phorm 1980; 37:519-22.

4. Dasgupta A, Dean R, Saldana S, et al. Absorption

of therapeutic drugs by barrier gels in serum

separator blood collection devices. Am I Clio

Pathoi1994;101:456—61.

5. Spruill W], McCall CY, Francisco GE. in vitro inac-

tivation of tobramycin by cephalosporins. Am]

Hosp Pharm 1985;42:2506e9.

6. RiffLF, lackson GG. Laboratory and clinical condi-

tions for gentamicin inactivation by carbenicillin.
Arch Intern Med 1972;130:837—91.

TABLE 11-1. Changes in Formation Clearance of Three Metabolites as a Result of Enzyme Induction

Metabolite

Control (Cl, = 25 mUminuIe} m,

Enzyme induction (CI, = 75 rnUminule} m1

Percentage of Bose Formation Clearance
Exereted in Urine (mUmimrte)

20.0 5.0

50.0 12.5

30.0 ?.5

6.? 5.0

63.3 4?.5

30.0 22.5
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Lesson 11 I Pharmacokinetic Variation & Model-Independent Relationships 

REVIEW QUESTIONS 
11-1. The proportion of total body weight that is 

waterislowestin: 

A. healthy adults. 

B. neonates. 

C. elderly. 

D. teenagers. 

11-2. With dysfunction of the major organs of 
drug elimination (kidneys and liver), drug 
clearance, volume of distribution, and drug 
plasma protein binding may be affected. 

A. True 

B. False 

11-3. For drugs that distribute primarily in extra
cellular fluid, a dose for an obese person 
should be calculated using total body weight. 

A. True 

B. False 

11-4. The fluid portion of a sample of whole 
blood allowed to clot for 30 minutes before 
centrifugation is called: 

A. serum. 

B. plasma. 

c. serous fluid. 

D. citrated blood. 

11-5. The fluid portion of whole blood centrifuged 
before clot formation is called: 

A. serum. 

B. plasma. 

c. serous fluid. 

D. citrated blood. 

11-6. Assay cross-reactivity refers to diminished 
assay performance caused by: 

A. physiologic substances found in some 
patients' plasma that directly affect the 
assay itself. 

B. structurally related drug compounds or 
metabolites for which the assay method 
measures as if they were the desired 
assay compound. 

C. an in vitro inactivation of one drug by 
another drug that is also present in the 
patient's plasma. 

D. none of the above. 

Indicate Yes or No for Questions 11-7 through 
11-10: 

Yes = the accuracy of the drug concentrations 
is of concern and should be redrawn. 

No = the accuracy of the drug concentrations 
is not of particular concern. 

11-7. A gentamicin concentration from a sample 
stored at controlled room temperature 
and assayed 24 hours after it was collected 
from a patient receiving both ampicillin and 
gentamicin. 

A. Yes 

B. No 

11-8. A plasma tobramycin concentration from a 
sample stored at controlled room temper
ature and assayed 24 hours after it was 
collected from a patient receiving both 
tobramycin and ceftazidime. 

A. Yes 

B. No 
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11-1. The ro ortion oftotal body wei ht that is 11-6. Assay cross-reactivity refers to diminishedP P g

water is lowest in: assay performance caused by:

A. healthy adults. A. physiologic substances found in some

B. neonates. patients’ plasma that directly affect the

C elderly assay itself.
D teenagers B. structurally related drug compounds or

‘ ' metabolites for which the assay method

11-2. With dysfunction of the major organs of measures as if they were the desired
drug elimination [kidneys and liver]. drug assay compound.
clearance, volume of distribution, and drug C. an in vitro inactivation of one drug by

plasma protein binding may be affected. another drug that is also present in the

A. True patient's plasma.

B. False D. none ofthe above.

11-3. For drugs that distribute primarily in extra- Indicate Yes or No fur Questions 11'7 through
cellular fluid, a dose for an obese person “'10:
should be calculated using total bodyweight. Yes = the accuracy of the drug concentrations

A. True is of concern and should be redrawn.

B. False No = the accuracy of the drug concentrations
is not of particular concern.

11-4. The fluid portion of a sample of whole ‘ ‘ .
blood allowed to clot for 30 minutes before 11-7. A gentamicin concentration from a sample

centrifugation is called: stored at controlled room temperature
A serum and assayed 24 hours after it was collected

' ' from a patient receiving both ampicillin and

8' plasma. gentamicin.
C. serous fluid. A. Yes

D. citrated blood. B. No

11-5. The fluid portion o‘fwhole blood centrifuged 11-8. A plasma tobramycin concentration from a
before clot formation is called: sample stored at controlled room temper-
A- serum. ature and assayed 24 hours after it was

13_ plasma. collected from a patient receiving both

C serous fluid tobramycin and ceftazidime.

D. citrated blood. A' Yes
B. No
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172 
Concepts in Clinical Pharmacokinetics 

11-9. A plasma gentamicin concentration from a 11-2. A. CORRECT ANSWER. Major organ 
sample stored in a freezer until assayed 12 dysfunction can affect most pharmaco-
hours after it was collected from a patient kinetic parameters. 
receiving both ampicillin and gentamicin. B. Incorrect answer 
A. Yes 

B. No 11-3. A. Incorrect answer 

B. CORRECT ANSWER. The proportion 
11-10. A plasma gentam1cm concentration from of fat tissue that is extracellular fluid 

a sample assayed immediately after it was is less than in lean tissue, but the drug 
collected from a patient receiving both will still distribute somewhat in the 
piperacillin and gentamicin. adipose extracellular fluid. 

A. Yes 
11-4. A. CORRECT ANSWER 

B. No 
B. Incorrect answer. Plasma contains 

11-11. The trapezoidal rule can be used to calculate clotting factors. 

AUC for model-independent relationships. c. Incorrect answer. Serous fluid is a 

A. True natural body fluid and is not centri-

B. False fuged to remove cellular components. 

D. Incorrect answer. Citrated blood 
11-12. The ratio of AUMC __, 00 to AUC __, 00 is called: contains citrate additives that keep the 

A. trapezoidal rule. blood from clotting. 

B. total body clearance. 11-5. A. Incorrect answer. Serum does not 
c. mean residence time. contain clotting factors. 

D. formation clearance. B. CORRECT ANSWER 

11-13. Which statement(s) is fare false about the 
c. Incorrect answer. Serous fluid is a 

natural body fluid and is not centri-
calculation of formation clearance (Clp__,mx)? 
Formation clearance can be used to 

fuged to remove cellular components. 

calculate the: D. Incorrect answer. Citrated blood 

A. clearance rate of individual metabolites 
contains citrate additives that keep the 

of a drug. 
blood from clotting. 

B. mean residence time. 11-6. A. Incorrect answer. This is assay interfer-
c. total body clearance of a drug that has ence. 

multiple metabolites. B. CORRECT ANSWER 
D. A and C. c. Incorrect answer. Assay cross-reactivity 

does not involve assay measurement of 
inactivated products that result from 

ANSWERS some physiochemical process. 

D. Incorrect answer 

11-1. A, B, D. Incorrect answers 

c. CORRECT ANSWER. The proportion of 
11-7. A. CORRECT ANSWER. Ampicillin will 

the body that is water is greatest in the 
inactivate gentamicin in vitro. 

neonate and lowest in the elderly. B. Incorrect answer 
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Lesson 11 I Pharmacokinetic Variation & Model-Independent Relationships 

11-8. A. Incorrect answer 

B. CORRECT ANSWER. Aminoglycosides 
are not inactivated by cephalosporins, 
just penicillins. 

11-9. A. Incorrect answer 

B. CORRECT ANSWER. Freezing this 
sample will stop inactivation from 
occurring. 

11-10. A. Incorrectanswer 

B. CORRECT ANSWER. Inactivation does 
not have time to occur if you assay the 
sample immediately. 

11-11. A. CORRECT ANSWER. The trapezoidal 
rule is a model-independent method for 
AUC calculation. 

B. Incorrect answer 

11-12. A. Incorrect answer. Trapezoidal rule is a 
method to calculate AUC. 

B. Incorrect answer. Total body clearance is 

X0/ AUCO-->co ' 

C. CORRECT ANSWER 

D. Incorrect answer. Formation clearance 
is a calculation of metabolite clearance. 

11-13. A, C, D. Incorrect answers 

B. CORRECT ANSWER. MRT is calculated 
using AUC and AUMC. 

173 

I 

II 
I 

Opiant Exhibit 2059 
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc. 

IPR2019-00685 
Page 181



174 
Concepts in Clinical Pharmacokinetics 

Discussion Points 

gJ Write a pharmacy protocol to ensure proper 
serum drug concentration collection and 
assay. 

I!B Try to get a package insert from your labora
tory on any therapeutically monitored drug. 
Describe the type of information found. 
Specifically, how are the issues of assay 
sensitivity, specificity, and cross-reactivity 
noted? 
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Discussion Points

 
Write a pharmacy protocol to ensure proper 13—2. Try to get a package insert from your labora-

serum drug concentration collection and tory on any therapeutically monitored drug.

assay. Describe the type of information found.
Specifically, how are the issues of assay

sensitivity, specificity, and cross-reactivity
noted?
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Definitions of symbols and key equations are: 

AUC 

F 

Cit 

K. 

= 

= 

= 

= 

area under plasma concentration versus 
time curve 

fraction of drug reaching systemic 
circulation 

total drug clearance from body = 
dosejAUC 

absorption rate constant 

The following applies to Questions PS3-1 to PS3-4. 
The relative bioavailabilities of two dosage forms (a 
sustained-release tablet and an oral solution) of oral 
morphine sulfate are being compared. The following 
plasma drug concentrations were obtained after 30 mg 
of each was administered: 

Concentration (mg/L) 

Time after Sustained-Release 
Dose (hours) Tablet Oral Solution 

0 0 0 

0.5 2.26 19.80 

1.0 4.57 18.31 

1.5 5.27 15.49 

2.0 6.73 12.37 

3.0 7.36 9.62 

4.0 7.40 6.85 

5.0 7.50 5.52 

6.0 6.24 3.10 

8.0 4.70 1.79 

12.0 2.76 1.58 

Practice Set 3 

Before proceeding to the questions below, on 
linear graph paper, plot the plasma drug concentra
tion versus time data for the two formulations. 

QUESTIONS 

PS3-1. What is the AUC0_12 hr for the oral tablet 
formulation (using the trapezoidal method)? 

A. 7.25 (mg/L) x hour 

B. 71.25(mg/L) x hour 

C. 62.34 (mg/L) x hour 

D. 64.51 (mg/L) x hour 

PS3-2. What is the AUC0_12 hr for the oral solution 
formulation (using the trapezoidal method)? 

A. 6.25 (mg/L) x hour 

B. 71.25 (mg/L) x hour 

C. 47.42 (mg/L) x hour 

D. 64.51 (mg/L) x hour 

PS3-3. What are the peak plasma drug concentra
tions for the oral tablet and oral suspension, 
respectively? 

A. 7.5 and 19.8 mg/L 

B. 6.5 and 18.9 mg/L 

C. 4.5 and 12.5 mg/L 

D. 19.5 and 7.9 mg/L 

PS3-4. Which product has greater bioavailability? 

A. Oral solution 

B. Oral tablet 
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Definitions of symbols and key equations are:

AUC 2 area under plasma concentration versus
time curve

F = fraction of drug reaching systemic
circulation

C1, = total drug clearance from body 2

doseXAUC

Ka = absorption rate constant

The following applies to Questions PS3-1 to P53-4.

The relative bioavailabilities of two dosage forms [a

sustained-release tablet and an oral solution} of oral

morphine sulfate are being compared. The following

plasma drug concentrations were obtained after 30 mg
of each was administered:

Concentration {mglL}

Time after Sustained—Release

Dose {hours} Tablet Ural Solution

0 0 D

0.5 2.26 19.80

1.0 4.5? 18.31

1.5 5.2? 15.49

2.0 6.73 12.3?

3.0 7.36 9.62

4.0 “3.40 6.85

5.0 7.50 5.52

6.0 5.24 3.10

8.0 4.?0 1.?9

12.0 2.?6 1.58

Practice Set 3

Before proceeding to the questions below, on

linear graph paper, plot the plasma drug concentra-
tion versus time data for the two formulations.

 

QUESTIONS

PSB-l. What is the AUCLHZ m. for the oral tablet

formulation [using the trapezoidal method]?

A. 7.25 {mg/L] x hour

B. 71.25(mg/L] x hour

C. 62.34 [mg/L) >< hour

D. 64.51 [mg/L) x hour

P53-2. What is the ALICE12 hr for the oral solution

formulation [using the trapezoidal method]?

A. 6.25 (mg/L] x hour

B. 71.25 [mg/L] X hour

C. 47.42 [mg/L] x hour

D 64.51 [mg/L] x hour

P53-3. What are the peak plasma drug concentra-

tions for the oral tablet and oral suspension,

respectively?

A. 7.5 and 19.8 mgfL

B. 6.5 and 18.9 mg/L

C. 4.5 and 12.5 mg/L

D. 19.5 and 7.9 mg/l.

P534. Which product has greater hioavailability?
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Concepts in Clinical Pharmacokinetics 
176 

The following applies to Question PS3-5. A single 
oral dose (500 mg) of a sustained-release procain
amide tablet was given, and the following plasma 
drug concentrations were determined: 

Time after Plasma Drug Concentration 
Dose (hours) (mg/L) 

0 0 
0.1 0.60 

0. 25 1.35 

0.5 2.34 

0.75 3.05 

1.0 3.55 

2.0 4.33 

4.0 3.89 

8.0 2.41 

12.0 1.49 

Before proceeding to Question PS3-5, plot the 
concentration versus time data on semilog graph 
paper. 

PS3-5. What is the absorption rate constant (K.) 
of this formulation (using the method of 
residuals)? 

A 2.1 hr-1 

B. 1.2 hr-1 

c. 2.5 hr-1 

D. 3.2 hr-1 
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‘ 176 Concepts in Clinical Pharmacokinetics—

The following applies to Question P83-5. A single Before proceeding to Question PS3—5. plot the

oral dose [500 mg] ofa sustained-release procain- concentration versus time data on semilog graph

amide tablet was given. and the following plasma paper.

drug concentrations were determined:
PSS-S. What is the absorption rate constant [Ka]

Time after Plasma Drllfl Concentration of this formulation {using the method of
nose {hours} (I119!Ll residuals]?

c. [J

0.1 050 A. 2.1 hr‘l

0.25 1‘35 B. 1.2 hr"
[15 2.34

0'75 305 C. 2.5 hrl
10 355 D. 3.2 hr"
20 4.33

4.0 3.39

3.0 2.41

12.0 1.49
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ANSWERS 

PS3-1. A, B, D. Incorrect answers 

C. CORRECT ANSWER. Using the equation 

found in Figure 3-10, 

(2.26 + 0)(0 .5 - 0) = 0.56 
2 

(4.57 +2.26)(1-0.5) = 1.71 
2 

(5.27 + 4.57)(1.5 -1) = 2.46 
2 

(6.73 + 5.27)(2 -1 .5) = 3.00 
2 

(7.36+6.73)(3-2) = 7.05 
2 

(7.40 + 7.36)(4- 3) = 7.38 
2 

(7.50+ 7.40)(5-4) = 7.45 
2 

(6.24 + 7.50)(6- 5) = 6.87 
2 

(4.70 + 6.24)(8- 6) = 10.94 
2 

(2 .76+4.70)(12-8) =14.92 
2 

+ 
= 62.34 (mg/L) x hr 

Practice Set 3 I 

PS3-2. A, C, D. Incorrect answers 

B. CORRECT ANSWER. Using the equation 
found in Figure 3-10, 

(0 + 1 9.80)(0.5- 0) = 4.95 
2 

(18.31 + 1 9.80)(1- 0.5) = 9.53 
2 

(15.49 + 18.31)(1 .5 -1) = 8.45 
2 

(12.37 + 15.49)(2 - 1.5) = 6.97 
2 

(9 .62 + 12.37)(3 - 2) = 10.99 
2 

(6 .85+9.62)(4-3) = 8.24 
2 

(5 .52 + 6.85)(5- 4) = 6.18 
2 

(3.1 0 + 5.52)(6- 5) = 4.31 
2 

(1.79 + 3.1 0)(8- 6) = 4.89 
2 

(1.59 + 1.79)(12 -8) = 6.74 
2 

+_ 
= 71.25 (mg/L) x hr 
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Concepts in Clinical Pharmacokinetics 
178 

PS3-3. A. CORRECT ANSWER. Observe peak 
concentration from AUC plot. 

8, C, D. Incorrect answers 

PS3-4. A. CORRECT ANSWER. The oral tablet 
has a smaller AUC and, therefore, has 
a lower bioavailability than the oral 
solution. 

B. Incorrect answer 

PS3-5. A, C, D. Incorrect answers 

B. CORRECT ANSWER. First, the data 
points at 4, 8, and 12 hours are on the 
straight-line terminal portion of the plot 
and, therefore, are not used to calculate 
the residual line. Next, the terminal, 
straight-line portion of the graph is back
extrapolated to they-axis. For each time 
at which a concentration was actually 
determined, the concentration corre
sponding to the back-extrapolated line 
is noted (extrapolated concentration). 
The residual is the remainder of the 
actual concentration subtracted from 
the extrapolated concentration. The Ka 
is the negative slope of the natural log of 
the residual concentration versus time 
curve. We can choose any two residual 
points to determine the slope, but it is 
usually best to select the points most 
widely separated by time. Therefore, 

K = -(~y) =In 5.57 -In 0.57 
a ~X 0.1hr-2.0hr 

= -(1.72-(-0.56)) 
-1.9 hr 

= 1.20 hr_, 
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LESSON 12 

Aminoglycosides 

This lesson reviews the various renal function assessment equations followed by 
cases on the appropriate dosing of aminoglycosides. 

Renal Function Assessment 

The National Kidney Foundation (NKF) stages chronic kidney disease (CKD) into five 
stages based on glomerular filtration rate (GFR) reported in units of mLjmin/1.73 m2 

body surface area (BSA) as shown in Table 12-1. Recently, the NKF has recom
mended the use of the modified diet in renal disease (MDRD) equation (MDRDEQ) 
to estimate a patient's GFR as a screening tool for early detection of CKD (http:/ j 
www.kidney.orgjprofessionals /KDOQI I gfr.cfm). 

GFR has historically been measured by renal clearance of substances that 
are 100% excreted via glomerular filtration with no renal tubular reabsorption 
or secretion, such as inulin clearance, and more recently by renal clearance of 
radio-labeled 1251-iothalamate, which has now become the gold standard for GFR 
measurements. However, actual GFR measurements are not commonly done in 
clinical practice. Instead, clinicians rely on more easily performed estimations of 
GFR, such as measured creatinine clearance (CrCl), estimated CrCl, and now esti
mated GFR via the MDRD equation. 

CrCl measurement requires a 24-hour collection of urine as shown in the 
formula below: 

CrCI = UV 
p X 1440 

where: 

U = urinary creatinine concentration, 

V = volume of urine collected, 

P = plasma creatinine concentration (taken at midpoint of 
urine collection), and 

1440 = number of minutes in 24 hours. 

Due to the cumbersome nature of direct measurements of either GFR or CrCl, renal 
function is most commonly estimated with the Cockcroft-Gault creatinine clearance 
equation (CGEQ) or the MDRD4,.evised estimated GFR equation. The various versions 
of the MDRDEQ were developed in a sample that consisted primarily of patients 
with some degree of CKD and as such may not accurately assess renal function in 
non-CKD patients.1 Table 12-2 shows several versions of both of these equations, 
including the most commonly used CGEQ using ideal or adjusted body weight. 
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LESSON 12

Aminoglycosides

This lesson reviews the various renal function assessment equations followed by

cases on the appropriate dosing of aminoglycosides.

Renal Function Assessment

The National Kidney Foundation [NKF] stages chronic kidney disease [CKD] into five

stages based on glomerular filtration rate (GFR) reported in units of mL/min/1.73 m2

body surface area [BSA] as shown in Table 12-1. Recently, the NKF has recom-

mended the use ofthe modified diet in renal disease (MDRDJ equation (MDRDEQ)

to estimate a patient's GFR as a screening tool for early detection of CKD {http://

www.kidney.org/professionals/KDOQ]/gfr.cfm}.

GFR has historically been measured by renal clearance of substances that

are 100% excreted via glomerular filtration with no renal tubular reabsorption

or secretion, such as inulin clearance, and more recently by renal clearance of

radio-labeled 125l-iothalamate, which has now become the gold standard for GFR

measurements. However, actual GFR measurements are not commonly done in

clinical practice. Instead, clinicians rely on more easily performed estimations of

GFR, such as measured creatinine clearance (CrCl), estimated CrC], and now esti-

mated GFR via the MDRD equation.

CrCl measurement requires a 24»hour collection of urine as shown in the
formula below:

UV
rCI = —

P x 1440

where:

U = urinary creatinine concentration,

V = volume of urine collected,

P 2 plasma creatinine concentration [taken at midpoint of

urine collection]. and

1440 = number of minutes in 24 hours.

Due to the cumbersome nature of direct measurements of either GFR or CrCl, renal

function is most commonly estimated with the Cockcroft—Gault creatinine clearance

equation [CGEQ] or the li/IDRIIIIIer,,L,E,i estimated GFR equation. The various versions

of the MDRDEQ were developed in a sample that consisted primarily of patients

with some degree of CKD and as such may not accurately assess renal function in

non-CKD patients.‘ Table 12-2 shows several versions of both of these equations,

including the most commonly used CGEQ using ideal or adjusted body weight.
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TABLE 12-1. Stages of Chronic Kidney Disease 

Stage 1 

Stage 2 

Stage 3 

Stage 4 

Stage 5 

Kidney damage with normal or increased GFR 

Kidney damage with mildly decreased GFR 

Moderately decreased GFR 

Severely decreased GFR 

Kidney failure 

GFR, glomerular filtration rate. 

Some controversy now exists as to which 
equation, CGEQ or MDRDEQ, is best to use for 
renal adjustments of drug doses. Complicating 
this issue is the recent conversion to new global 
serum creatinine assay standards that result 
in a more accurate measurement of creati
nine (yielding a value 10% to 20% lower than 
older assays).2 Newer measurements can now be 
reported two places past the decimal (i.e., 1.68 mgj dL ). 
The MDRD4revisect equation is the recommended 
version of the MDRD equation for use with these 
new assay standards. 

Much research has been done to determine 
which equation is the best; however, it appears 
that these equations are so dissimilar in their 
formulation that meaningful comparisons are diffi
cult to perform and are subject to various patient 

> 90 mUmin/1 .73 m2 

60-89 

30-59 

15-29 

<15 

demographic biases, especially age. The CGEQ was 
derived from a simple general linear multiple regres
sion analysis such that each factor (age, weight, 
serum creatinine value) in the equation is linearly 
expressed for the entire tested range of the values. 
Conversely, the MDRDEQs were correlated using 
log transformed values and then re-expressed as a 
multiplicative linear model that now contains expo
nents for the variables of age and serum creatinine 
and, therefore, produce a geometric relationship 
across the range of values for each variable tested. 

Figure 12-1 is a plot of the age component for 
both equations, showing that the MDRDEQ calcu
lates a much smaller decline in GFR from age 40 
to 80 years than does the CGEQ. Therefore, the 
MDRDEQ may not predict age-related declines in 
renal function in the elderly as well as the CGEQ.3 

TABLE 12-2. Equations Used to Estimate Creatinine Clearance (CrCI) or Glomerular Filtration Rate (GFR) 

Cockcrott-Gault estimation of CrCI 

Original form used total weight with no BSA adjustment 

Cockcroft-Gault equation most commonly recommended, 
using IBW or AdjBW* 

Modified diet in renal disease (MDRD) equations 

MDRD 6 variable equation with UUN 

MDRD 6 variable equation with albumin 

MDRD original 4 variable equation 

MDRD revised 4 variable equation with new 
creatinine assay standards 

TBW(0.85 if female)(140 - age)/(72 x Cr) 

(IBW or AdjBW*)(0.85 if female)(140- age)/(72 x Cr) 

198 (Cr 858 x age-D 167) x BUN-0 293 x UUN-0 249 [ x 1 .178 if black and x 
0.822 if female] 

170 (Cr 999 x age-D 176) x BUN-O 170 x albumin-0 318 [x 1.178 if black and 
x 0.822 if female] 

186 (Cr-11 54 x age-0 203) [x 1.212 if black and x 0.7 42 if female] 

175 (Cr-1 154 x age-0 203) [x 1.212 if black and x 0. 7 42 if female] 

AdjBW, adjusted body weight; BSA, body surface area; BUN, blood urea nitrogen; Cr, creatinine; IBW, ideal body weight; TBW, total body weight; 
UUN, urine urea nitrogen. 

* AdjBW = IBW + 0.4(TBW - IBW) 
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FIGURE 12-1. 
A plot of age components of modified diet in renal disease 
(MDRD) equation and Cockcroft-Gault equation, showing that 
the MDRD calculates a much smaller decline in GFR from age 
40 to 80 years than does the Cockcroft-Gault. 

Disregarding this ongoing controversy, it is 
reasonable to use the CGEQ to adjust drug dosing 
according to manufacturer's dosing tables that were 
developed using this same CGEQ. By extension, most 
pharmacokinetic population values for the elimina
tion rate constant (K) were also developed from 
regression analyses of drug clearance versus CrCl 
via the CGEQ, and thus more closely match existing 
drug dosing tables. 

Clinical Correlate 

Considerations when using the Cockcrott
Gault equation to adjust drug doses in 
declining renal function: 

1. Use either IBW or an adjusted body weight 
in the formula and do not make any 
further BSA adjustments as this formula 
contains a body size factor of weight/72, 
which is sufficient to adjust the result for 
the patient's body size or BSA. Value, in 
units of mUmin, can now be assumed to 
approximate a patient's GFR expressed in 
units of mUmin/1.73 m2

• 

Lesson 12 I Aminoglycosides 

2. Most drug manufacturers address dosing 
adjustments in patients with renal 
impairment by providing tables showing 
CrCI versus drug dose, with instructions to 
adjust dose based on patients' estimated 
CrCI calculated using the CGEQ. 

3. If your laboratory is reporting serum 
creatinine values that are calibrated to the 
new !OMS-traceable creatinine assay, be 
aware that these newer serum creatinine 
assays will report values to two places past 
the decimal and will produce values that are 
lower by as much as 10% to 20% (i.e., 
-0.3 mg/dl) compared with older assay 
methods. This, in turn, will result in a CGEQ 
estimation of CrCI that is slightly higher than 
that using the older creatinine calibration 
techniques. Consequently, a clinical 
adjustment may be needed when applying 
a manufacturer's dosing adjustment data 
based on older creatinine assays to this 
newer reported creatinine value. 

Considerations when using MDRD equations 
to adjust doses: 

1. Note that the MDRD equations are 
predictors of GFR and not CrCI, and, 
therefore, their use as replacements of 
CGEQ estimates for CrCI for drug dosing 
adjustments will require an individualized 
assessment of many dosing situations. 

2. The MDRD equations were initially validated 
in patients with chronic kidney disease and 
may not be as easily generalized to other 
subsets of patients, including the elderly, as 
is the more commonly used CGEQ. 

3. The MDRD equation may or may not 
actually be more accurate than the CGEQ 
for any given patient; however, it can 
be more easily calculated and reported 
using routine clinical chemistry analyzer 
software, as it does not require the 
patient's weight or height. 

4. There is no useful conversion factor to 
convert MDRD GFR to the equivalent CGEQ 
value because of the differences in the 
regression models used. Sometimes the 
MDRD value will be higher and sometimes 
the CGEQ values will be higher. 
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FIGURE 12-1.

A plot oi age components of modified diet in renal disease

iMDRD) equation and Cockoroft—Gault equation, showing that
the MDRD calculates a much smaller decline in GFH trom age
40 to 80 years than does the Cookcrott—Gault.

Disregarding this ongoing controversy. it is

reasonable to use the CGEQ to adjust drug dosing

according to manufacturer’s closing tables that were

developed using this same CGEQ. By extension, most

pharmacokinetic population values for the elimina-

tion rate constant [K] were also developed from

regression analyses of drug clearance versus CrCl

via the CGEQ. and thus more closely match existing

drug dosing tables.

 

Clinical Correlate

Considerations when using the Dockcrofl—

Gault equation to adjust drug doses in

declining renal function:

1. Use either IBW or an adjusted body weight

in the formula and do not make any

further BSA adjustments as this formula

contains a body size factor of weightflz,

which is sufficient to adjust the result for

the patient's body size or BSA. Value, in

units of mtJmin, can now be assumed to

approximate a patient's GFH expressed in
units of mUmini'i .73 m2.

2. Most drug manufacturers address dosing

adjustments in patients with renal

impairment by providing tables showing

CrCI versus drug dose, with instructions to

adjust dose based on patients' estimated

CrCI calculated using the CGEO.

3. If your laboratory is reporting serum
creatinine values that are calibrated to the

new IDMS-traceable creatinine assay, be
aware that these newer serum creatinine

assays will report values to two places past

the decimal and will produce values that are

lower by as much as 10% to 20% (Le,

~D.3 mgrdL) compared with older assay
methods. This, in turn, will result in a CGEQ

estimation of CrCI that is slightly higher than

that using the older creatinine calibration

techniques. Consequently, a clinical

adjustment may be needed when applying

a manufacturer’s dosing adjustment data

based on older creatinine assays to this

newer reported creatinine value.

Considerations when using MDRD equations

to adjust doses:

1. Note that the MDRD equations are

predictors of GFR and not CrCI, and,

therefore, their use as replacements of

CGEQ estimates for CrCI for drug dosing

adjustments will require an individualized

assessment of many dosing situations.

2. The MDFID equations were initially validated

in patients with chronic kidney disease and

may not be as easily generalized to other

subsets of patients, including the elderly, as

is the more commonly used CGEO.

3. The MDRD equation may or may not

actually be more accurate than the USE]

for any given patient; however, it can

be more easily calculated and reported

using routine clinical chemistry analyzer

software, as it does not require the

patient’s weight or height.

4. There is no useful conversion factor to

convert MDRD GFFl to the equivalent CGEQ
value because of the differences in the

regression models used. Sometimes the

MDRD value will be higher and sometimes

the CGEQ values will be higher.
—
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182 
Concepts in Clinical Pharmacokinetics 

Aminoglycoside Dosing 

Individualization of aminoglycoside dosing regi
mens is important to optimize efficacy while 
minimizing potential toxicity. Cases 1-4 outline 
traditional dosing methods of individualized dosing, 
and Cases 5 through 7 focus on the extended 
interval administration of aminoglycosides. 

Because the currently available intravenous 
aminoglycosides (gentamicin, tobramycin, and 
amikacin) exhibit similar pharmacokinetics, case 
discussions of one aminoglycoside can be extrapo
lated to any other. Although amikacin has the same 
pharmacokinetic profile as other aminoglycosides, 
it requires doses and target concentrations approx
imately two to four times as high as the other 
aminoglycosides. 

Several key points should be reviewed before 
beginning these cases. Aminoglycosides are 
excreted unchanged by renal glomerular filtra
tion. The elimination, therefore, is proportional to 
a patient's GFR, which can be estimated by deter
mining CrCl. 

Estimation of Elimination Rate 
Constant (K) and Volume of 
Distribution ( V) for All Aminoglycosides 

Calculate Estimated Creatinine Clearance 

Sometimes it is impractical or impossible to collect 
a 24-hour urine specimen; CrCl must then be esti
mated from serum creatinine. Although there are 
several formulas for estimating CrCl, we use the 
Cockcroft-Gault equation4

: 

C Cl U 
. _ (140-age)IBW 

r male m mIn - --'---------"--'----
72 x SCr 

(See Equation 9-1.) 

or 

C Cl U 
. _ (0.85)(140- age)IBW 

r female m min--------
72 x SCr 

where: 

CrCl = creatinine clearance (mL/min per 
1.73 m2 BSA), 

age = patient's age (years), 

IBW = ideal body weight (kilograms) or 
adjusted body weight (AdjBW) in obese 
patients, and 

SCr = serum creatinine concentration 
(milligrams per deciliter). 

Calculate Ideal Body Weight or 
Adjusted Body Weight 

Because creatinine is produced by muscle metabo
lism (and not by fat), we must use the patient's IBW 
or AdjBW when estimating creatinine clearance. 
The IBW for adult males can be estimated by: 

IBW = 50 kg + 2.3 kg for each inch over 5 feet 
in height (See Equation 9-2.) 

The IBW for adult females is: 

IBW = 45.5 kg + 2.3 kg for each inch over 5 feet 
in height (See Equation 9-2.) 

In obese patients, the use of total body weight 
in the CGEQ overestimates creatinine clearance 
calculations, and the use of IBW underestimates 
calculation of this variable. Consequently, an AdjBW 
should be used. If a patient's actual body weight is 
;::: 30% above his or her IBW, then the AdjBW must 
be used to calculate CrCl5: 

AdjBW = IBW + 0.4(TBW- IBW) (See Equation 9-3.) 

For a patient who weighs less than IBW, the actual 
body weight would be used in the CGEQ to calculate 
CrCl. 
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Aminoglycoside Dosing

individualization of aminoglycoside dosing regi-

mens is important to optimize efficacy while

minimizing potential toxicity. Cases 1—4- outline

traditional dosing methods ofindividualized dosing,

and Cases 5 through 7 focus on the extended

interval administration of aminoglycosides.

Because the currently available intravenous

aminoglycosicles (gentamicin, tobramycin, and

amikacin] exhibit similar pharmacokinetics. case

discussions of one aminoglycoside can be extrapo-

lated to any other. Although amikacin has the same

pharmacokinetic profile as other aminoglycosides,

it requires doses and target concentrations approx-

imately two to four times as high as the other

aminoglycosides.

Several key points should be reviewed before

beginning these cases. Aminoglycosides are

excreted unchanged by renal glomerular filtra-

tion. The elimination, therefore, is proportional to

a patient's GFR, which can be estimated by deter-

mining CrCl.

Estimation of Elimination Rate

Constant (K) and Volume of

Distribution (V) for All Aminoglycosides

Calculate Estimated Creatinine Clearance

Sometimes it is impractical or impossible to collect

a 24-hour urine specimen; CrCl must then be esti-

mated from serum creatinine. Although there are

several formulas for estimating CrCl, we use the

Cockcroft—Gault eq uation‘i:

mUmin : (140 — agellBW
mom i’2x so

{See Equation 9-1.]

or

CiCIemaie mUmin = (0.85)(140 - £198)le
?2 x SCr

where:

CrCl = creatinine clearance (mL/min per

1.73 to2 BSA),

age = patient’s age [years],

IBW = ideal body weight {kiiograms} or

adjusted body weight [AijW] in obese

patients, and

SCr = serum creatinine concentration

(milligrams per deciliter].

Calculate Ideal Body Weight or

Adiusted Body Weight

Because creatinine is produced by muscle metabo-

lism [and not by fat), we must use the patient’s IBW

or AijW when estimating creatinine clearance.

The iBWfor adult moies can be estimated by:

IBWr = 50 kg + 2.3 kg for each inch over 5 feet

in height (See Equation 9-2.]

The iBWfor oduitfemol’es is:

lBWr : 45.5 kg + 2.3 kg for each inch over 5 feet

in height [See Equation 9-2.)

In obese patients, the use of total body weight

in the CGEQ overestimates creatinine clearance
calculations, and the use of IBW underestimates

calculation ofthis variable. Consequently, an AijW

should be used. lfa patient’s actual body weight is

2 30% above his or her lBW. then the AijW must
be used to calculate CrCl5:

AijW 2 IBW + U.4('|'BW — IBW) (See Equation 9-3.)

For a patient who weighs less than IBW, the actual

body weight would be used in the CGEQ to calculate
CrCl.
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Clinical Correlate 

Close examination of the Cockcroft-Gault 
equation reveals that serum creatinine values 
less than 1 mg/dl greatly elevate the calculated 
CrCI value. This is especially true for elderly 
patients for whom unrealistically high CrCI 
values may be calculated using this equation. 
The elderly often have reduced muscle mass 
as a fraction of TBW, and so may generate 
less creatinine than a younger patient of 
similar weight. In this population, the serum 
creatinine value may not be an appropriate 
indicator of the patient's true renal function. It 
has been recommended to either round the low 
serum creatinine values up to 1 mg/dl before 
calculating CrCI, or round the final calculated 
CrCI value down to -100 ml/minute or less. 
Although these recommended adjustments yield 
more accurate estimations, they still add error 
to the original CrCI calculation. 

Calculate Estimated Elimination Rate 
and Volume of Distribution 

To calculate an initial maintenance dose and dosing 
interval using traditional dosing methods, we must 
use population estimates for the elimination rate 
constant (K) and the volume of distribution (VJ. 
Population estimates of K are derived from small 
studies that correlate an aminoglycoside's clearance 
(and hence K) to the patient's CrCl (Figure 12-2). 
Creatinine clearance and aminoglycoside clearance 
are not equal; some amount of aminoglycoside is 
eliminated by organs other than the kidneys. When 
creatinine clearance is zero, the aminoglycoside 
clearance is still approximately 0.014 mL/minute, 
reflecting this nonrenal clearance and, perhaps, 
some active tubular secretion. 

The equation for the line of best fit through 
these points can be used to estimate an elimina
tion rate constant (K) for this sample of patients, as 
shown here: 

Y= mX + b 

Lesson 12 I Aminoglycosides 

Or, for example, one commonly used regression 
equation is: 

slope (K) = 0.00293 (CrCI) + 0.014 

where K is the elimination rate constant for aminogly
cosides (population estimate). This equation will be 
used throughout the lesson for all aminoglycosides. 
These estimates also involve the appropriate calcu
lations of CrCl and IBW. Because many small-sample 
studies have been done to estimate K and V, there are 
many different estimates for both. We shall use: 

g K = 0.00293 (CrCI) + 0.014 

itllrd V = 0.24 L/kg (IBW) 

Clinical Correlate 

Approximately 1 0% of a given aminoglycoside 
dose distributes into adipose tissue. When 
calculating aminoglycoside volume of distribution, 
one can use either IBW or an AdjBWA8 formula 
that reflects this 1 0% of distribution into adipose 
tissue as follows: 

AdjBWAG = IBW + 0.1(TBW -IBW) 

Note that this adjustment is less than that used 
when calculating AdjBW for use in the creatinine 
clearance formula. In clinical practice, the 
AdjBWAG is rarely used. 

K = 0.00293 (CrCI) + O.Q14 

Slope= 0.00293 

Intercept= 0.014 

Creatinine Clearance (mllmin) 

FIGURE 12-2. 
Aminoglycoside clearance versus creatinine clearance. 
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Clinical Correlate

Close examination of the Cockcroft—Gault

equation reveals that serum creatinine values

less than 1 mgldL greatly elevate the calculated

CrCI value. This is especially true for elderly

patients for whom unrealistically high CrCl

values may be calculated using this equation.

The elderly often have reduced muscle mass

as a fraction of TBW. and so may generate

less creatinine than a younger patient of

similar weight. In this population. the serum

creatinine value may not be an appropriate

indicator of the patient‘s true renal function. It
has been recommended to either round the low

serum creatinine values up to 1 mgldL before

calculating CrCl, or round the final calculated
CrCl value down to ~100 mUminute or less.

Although these recommended adjustments yield

more accurate estimations. they still add error

to the original CrCI calculation.
—

Calculate Estimated Elimination Rate

and Volume of Distribution

To calculate an initial maintenance dose and dosing

interval using traditional dosing methods, we must

use population estimates for the elimination rate

constant (K) and the volume of distribution (V).

Population estimates of K are derived from small

studies that correlate an aminoglycoside's clearance

[and hence K) to the patient's CrCl [Figure 12-2].

Creatinine clearance and aminoglycoside clearance

are not equal; some amount of aminoglycoside is

eliminated by organs other than the kidneys. When

creatinine clearance is zero, the aminoglycoside

clearance is still approximately 0.014 mL/minute,

reflecting this nonrenal clearance and, perhaps,
some active tubular secretion.

The equation for the line of best fit through

these points can be used to estimate an eliminafi

tion rate constant (K) for this sample ofpatients, as
shown here:

Y=mX+b
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Or, for example, one commonly used regression

equation is:

slope (K) = 0.00293 (CrCl) + 0.014

where Kis the elimination rate constant for aminogly—

cosides [population estimate}. This equation will be

used throughout the lesson for all aminogiycosides.

These estimates also involve the appropriate calcu-

lations of CrCl and IBW. Because many small-sample

studies have been done to estimate Kand V, there are

many different estimates for both. We shall use:

K: 0.00293(CrCI) + 0.014

v: 0.24 ngUBW)

 

Clinical Correlate

Approximately 10% of a given amincglycoside

dose distributes into adipose tissue. When

calculating aminoglycoside volume of distribution.

one can use either IBW or an AijWAE formula

that reflects this 10% of distribution into adipose
tissue as follows:

AijWAG : IB‘l‘vr + 0.1(TBW — IBW} 

Note that this adjustment is less than that used

when calculating AijW for use in the creatinine

clearance formula. In clinical practice, the

lfliij‘ii-i',‘fi is rarely used.
 
 

K = 0.00293 (CI'CI) + 0.014

AminoglycosideClearance {mUmin}

Intercept: 0.014
 

Creatlnlne Ctearance (le'mln)

  
 

FIGURE 12~2.

Aminoglycoside clearance versus creatinine clearance.
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Clinical Correlate 

The values for K and V represent population 
estimates of the elimination rate and volume of 
distribution, respectively, based on statistical 
averages with relatively large standard 
deviations. For this reason, it is important 
to obtain peaks and troughs after the initial 
dosing regimen is established to properly adjust 
the dosage and dosing interval based on the 
individual patient's specific pharmacokinetic 
data. 

Clinical Correlate 

Some clinicians would use the above K and V 
equations as initial population estimates for all 
aminoglycosides; however, other clinicians may 
use equations with slightly different numbers 
based on regression equations derived from 
similar studies. Additionally, most clinicians will 
use the same estimates for all aminoglycosides; 
however, some will use slightly different 
equations for each aminoglycoside. We will use 
the above equation for all aminoglycosides as 
they are all excreted renally via the exact same 
mechanism. 

Desired Aminoglycoside 
Plasma Concentrations 

The traditional ranges for desired aminoglycoside 
plasma concentrations are a peak of 4-10 mg/L 
for gentamicin and tobramycin and 15-30 mg/L 
for amikacin, and a trough of 1-2 mg/L for genta
micin and tobramycin and 5-10 mg/L for amikacin.5 

Attainment of adequate peak concentrations is 
related to efficacy for some infections, and a low 
trough concentration may minimize the risk of 
nephrotoxicity and ototoxicity. 

CASE1 
A 66-year-old white female, SG, is hospitalized 
for lysis of adhesions secondary to previous 
bowel resection. Before surgery, you are asked 
to begin this patient on an aminoglycoside. Other 
pertinent patient data include: height, 5' 8"; 
weight, 52 kg; and serum creatinine, 1.02 mg/dl. 

Problem lA. Calculate an appropriate amino
glycoside maintenance dose and loading dose, 
including the most appropriate dosing interval, for 
patient SG. Assume a desired Cpeak of 6 mg/L and a 
Ctrough of 1 mgjL. 

Population values of K and V for the aminoglyco
sides should be used to estimate maintenance doses. 
A patient usually will receive a loading dose over 
1 hour when therapy is initiated because a loading 
dose quickly brings aminoglycoside plasma concentra
tion close to the desired therapeutic concentration. If a 
loading dose is not given, the patient's aminoglycoside 
concentration will not reach the desired concentration 
until steady state is achieved-in five drug half-lives. 

Lessons 4 and 5 describe the mathematical 
models used for various multiple dose, intravenous 
drug dosing situations. For aminoglycosides, which 
are usually given intravenously over 30-60 minutes at 
regular (i.e., intermittent) intervals, Lesson 5 describes 
the appropriate dosing equation. A quick review of 
Lessons 4 and 5 may help you understand the deriva
tion of these equations. 

Briefly, this equation is arrived at by taking the 
equation from Lesson 4 for a single intravenous 
bolus dose and adding the appropriate factors for 
the following: 

• multiple doses, 
• simultaneous drug administration and drug 

elimination, 
• drug administration over 30-60 minutes 

instead of an intravenous bolus, and 
• attainment of steady state (for simplicity, 

1 hour is assumed for the drug administra
tion time). 
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Clinical Correlate

The values for K and l/represent population
estimates of the elimination rate and volume of

distribution, respectively, based on statistical

averages with relatively large standard

deviations. For this reason, it is important

to obtain peaks and troughs after the initial

dosing regimen is established to properly adjust

the dosage and dosing interval based on the

individual patient's specific pharmacokinetic
data.
 

 

Clinical Correlate

Some clinicians would use the above K and V

equations as initial population estimates for all

aminoglycosides; however, other clinicians may

use equations with slightly different numbers

based on regression equations derived from

similar studies. Additionally, most clinicians will

use the same estimates for all aminoglycosides;

however, some will use slightly different

equations for each aminoglycoside. We will use

the above equation for all aminoglycosldes as

they are all excreted renally via the exact same
mechanism.
_

Desired Aminoglycoside
Plasma Concentrations

The traditional ranges for desired aminoglycoside

plasma concentrations are a peak of 4—10 mg/L

for gentamicin and tobramycin and 15—30 mg/L

for amikacin, and a trough of 1—2 mgfL for genta-

micin and tobramycin and 5—10 mg/L for amikacinf’

Attainment of adequate peak concentrations is

related to efficacy for some infections, and a low

trough concentration may minimize the risk of

nephrotoxicity and ototoxicity.

 

CASE 1

A 66-year-old white female, 56. is hospitalized

for lysis of adhesions secondary to previous

bowel resection. Before surgery, you are asked

to begin this patient on an aminoglycoside. Other

pertinent patient data include: height, 5' 8";

weight, 52 kg; and serum creatinine, 1.02 mgr'dL.
—

   Prn:il.:nii:erri i.e""-.. Calculate an appropriate amino-

glycoside maintenance dose and loading dose,

including the most appropriate dosing interval, for

patient 56. Assume a desired Cpealt of6 mg/L and a

CW“, ofl mg/L.

Population values of K and V for the aminoglyco-
sides should be used to estimate maintenance doses.

A patient usually will receive a loading dose over

1 hour when therapy is initiated because a loading

dose quickly brings aminoglycosicle plasma concentra-

tion close to the desired therapeutic concentration. [1’ a

loading dose is not given, the padent’s aminoglycoside
concentration will not reach the desired concentration

until steady state is achieved—in five drug half-lives.
Lessons 4 and 5 describe the mathematical

models used for various multiple dose, intravenous

drug dosing situations. For aminoglycosides, which

are usually given intravenously over 30—60 minutes at

regular (i.e., intermittent) intervals, Lesson 5 describes

the appropriate Closing equation. A quick review of

Lessons 4 and 5 may help you understand the deriva-

tion of these equations.

Briefly, this equation is arrived at by taking the

equation from Lesson 4 for a single intravenous

bolus dose and adding the appropriate factors for

the following:

- multiple doses,

- simultaneous drug administration and drug
elimination,

0 drug administration over 30—60 minutes
instead ofan intravenous bolus, and

- attainment of steady state [for simplicity,

1 hour is assumed for the drug administra-

tion time).

 

L
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The equation is: 

K(1-e-K1) c = ----"'0-'-----.,.,.--'-
peak (steady state) VK (1- e -K') 

(See Equation 5-1.) 

where: 

cpeak[steady state) = desired peak concentration at 
steady state (milligrams per liter), 

K0 = drug infusion rate (also main
tenance dose you are trying to 
calculate, in milligrams per hour), 

V = volume of distribution (population 
estimate for aminoglycosides, in 
liters), 

K = elimination rate constant (popula
tion estimate for aminoglycosides, 
in reciprocal hours), 

t = infusion time (hours), and 

T = desired or most appropriate dosing 
interval (hours). 

To solve this equation, we must: 

1. Determine creatinine clearance (CrCl). 

2. Insert population estimates for V and K. 

3. Choose a desired Cpeak• based on clinical and 
microbiologic data. 

4. Determine our infusion time in hours. 

5. Calculate an appropriate dosing interval 
(-r), as shown below. 

6. Determine K0 (maintenance dose, in 
milligrams per hour). 

To calculate an initial maintenance dose and 
dosing interval, we use the population estimates of 
K and V calculated from Equations 12-1 and 12-2: 

K = 0.00293 hr-1 x CrCI (in mUminute) + 0.014 

v = 0.24 Ukg X IBW 

For patient SG, we can calculate the IBW: 

IBW = 45.5 + 2.3 kg per inch over 60 inches 

= 45.5 + 2.3(8) = 63.9 kg 

Lesson 12 I Aminoglycosides 

However, because SG's actual body weight of 52 kg 
is less than her IBW, we should use her actual body 
weight in the calculation of CrCl and in the estima
tion of her volume of distribution (V). 

Estimated CrCl (via the Cockcroft-Gault 
equation) is: 

C Cl U 
. _ (IBW*)(140- age)0.85 

r female m mIn - -'-------'------"---'----
72 x SCr 

(52)(140- 66)0.85 
= 

72 X 1.02 

= 45.54 mUmin 

*the lesser of IBW or actual body weight 

Furthermore: 

estimated K = 0.00293 (CrCI) + 0.014 

= 0.00293 (45) + 0.014 

= 0.146 hr-1 

estimated T:U = 0.693/K (See Equation 3-3.) 

= 0.693/0.146 hr-1 

= 4.75 hours 

estimated V = 0.24 Ukgs 
the lesser of IBW 
or actual weight 

= (0.24)(52) 

= 12.48 L, rounded to 12.5 L 

Cpeak (desired) = 6 m g/L 

Ctrough (desired) = 1 m g/L 

Estimation of Best Dosing Interval (T) 

The choice of dosing interval influences the Cpeak and 
ctrough eventually obtained as well as the magnitude 
of the fluctuations in Cpeak and Ctrough· The equation 
below is used to determine the most appropriate 
dosing interval (-r) that will yield the desired cpeak 

185 

Opiant Exhibit 2059 
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc. 

IPR2019-00685 
Page 193

 

 
The equation is:

K0 (1 — 8—“)

makisteallystale] :m

[See Equation 5-1.)

where:
H

desired peak concentration at

steady state [milligrams per liter],

Cpea “steady state]

Kn = drug infusion rate (also main-

tenance close you are trying to

calculate, in milligrams per hour].

V = volume ofdistribution (population

estimate for aminoglycosides. in

liters).

K = elimination rate constant (popula-

tion estimate for aminoglycosides.

in reciprocal hours],

t = infusion time {hours}, and

1: = desired or most appropriate dosing

interval [hours].

To solve this equation, we must:

1. Determine creatinine clearance [CrCl].

2. Insert population estimates for Vand K.

3. Choose a desired Cpeak, based on clinical and
microbiologic data.

4. Determine our infusion time in hours.

5. Calculate an appropriate dosing interval

[1]. as shown below.

6. Determine K.J {maintenance dose, in

milligrams per hour).

To calculate an initial maintenance dose and

dosing interval. we use the population estimates of

Kand Vealculated from Equations 12-1 and 12-2:

K : 0.00293 hr“ x CrCl (in mUminute) + 0.014

V = 0.24 ng x IBW

For patient 86. we can calculate the IBW:

iBW = 45.5 + 2.3 kg per inch over 60 inches

= 45.5 + 2.303) : 63.9 kg

Lesson 12 | Aminoglycosides

 

185

However, because SG’s actual body weight of 52 kg

is less than her IBW, we should use her actual body

weight in the calculation of 0‘61 and in the estima‘

tion of her volume of distribution [V}.

Estimated CrCl [via the Cockcroft—Gault

equation] is:

. IBW" 140—8 80.85
CrCIlemale mUmIn =M—

72 x SCr

_ (52W 40 — 66)0.85
72 x102

= 45.54 mUmin

*tite iesser of EM or actual body Weight

Furthermore:

estimated K = 0.00293 {CrCD + 0.014

= 0.00293 (45) + 0.014

: 0.146 hr—l

estimated 1% = 0.693/K (See Equation 3-3.)

= 0.6930146 hr—I

: 4.?5 hours
f,

estimated V = 0.24 Likg (weight)

= (0.24)(52)

= 12.48 L, rounded to 12.5 L

CpaaitIIiesiredJ : 6 mgfL

Clloughldesired] = 1 ng’L

Estimation of Best Dosing interval (1)

The choice of dosing interval influences the Cm: and

Cmgh eventually obtained as well as the magnitude

of the fluctuations in 6...... and CW“... The equation
below is used to determine the most appropriate

dosing interval [1:] that will yield the desired Cpm
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Concepts in Clinical Pharmacokinetics 
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and C trough· As can be seen, this calculation is driven 
by the patient's elimination rate constant (K) and 
the c peak and ctrough desired: 

1 
-r =-(In Ctrough (desired) -In Cpeak(desiredJ ) + t -K 

where tis the duration of the infusion in hours. This 
equation can be used to evaluate several different 
cpeak and ctrough combinations to find an appropriate 
dosing interval. 

Derivation of Above Dosing Interval 
Equation 

The above dosing interval equation comes from 
a simple rearrangement of the equation for K as 
shown below. 

For a concentration versus time curve (following 
first-order elimination), the terminal slope equals -K 
and: 

-K = y2 - ~ = In Ctrough -In C peak 

X2 -X1 -r-t 

This equation can be rearranged to easily calcu
late T as shown below: 

Step 1. Rearrange Equation 12-4 and then solve 
for: 

( -K)( -r- t) =In Ctrough -In C peak 

Step 2. Divide both sides by -K: 

In Ctrough -In Cpeak 
't- t = _ __:c::..::"""------=.::c... 

-K 

Step 3. Transpose tto the right-hand side of the 
equation: 

In Ctrough -In Cpeak 
't = + t 

-K 
Step 4. Rearrange: 

1 
-r =-(In Ctrough -In Cpeak ) + t 

-K 

Step 5. Further rearrange Step 4 by considering 
the rule of logarithms: 

log a -log b =log (alb) 

Therefore: 

-r = _1_ In [trough]+ t 
-K peak 

The equation in either Steps 4 or 5 can be used to 
calculate the dosing interval (-r). You may find the 
equation in Step 5 easier to enter into a hand-held 
calculator. 

Calculating the dosing interval with both equa
tions (Steps 4 and 5) will serve as an added arithmetic 
check, because both methods should give the same 
answer. 

Clinical Correlate 

Some people guess at the best dosing interval 
and gloat when they get it correct without 
calculating it. However, if they guess wrong, they 
will not get the desired trough concentration, and 
they will have to guess again . 

Calculation of Best Dosing Interval (-r) 
for Patient SG 

For patient SG, the calculation of the dosing interval 
( T, in hours) proceeds as follows if we want a Creak 

of 6 mg/L and a Ctrough of 1 mg/L: 

1 
-r = -K (In Ctrough (desired) - Cpeak (desired) ) + t 

1 
= (In 1 mg/L- In 6 mg/L) + 1 hr 

-0.146 

= (-6.849)(0 -1 .79) + 1 hr 

= (-6.849)( -1.79) + 1 hr 

= 13.26 hours 
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Concepts in Clinical Pharmacokinetics

and Ctmgh. As can be seen, this calculation is driven
by the patient's elimination rate constant (K) and

the Speak and CtruLngh desired:

1
=—InC ~inC

T -K( peak idesirem) + r"0th tile-sired]

where tis the duration of the infusion in hours. This

equation can be used to evaluate several different

Cm, and CIrmlgll combinations to find an appropriate
dosing interval.

Derivation of Above Dosing Interval

Equation

The above dosing interval equation comes from

a simple rearrangement of the equation for K as
shown below.

For a concentration versus time curve (following

first-order elimination), the terminal slope equals -K
and:

 

Step 5. Further rearrange Step 4 by considering

the rule oflogarithms:

log a — log b = log (a/b)

Therefore:

 

The equation in either Steps 4 or 5 can be used to

calculate the dosing interval [1). You may find the

equation in Step 5 easier to enter into a hand-held
calculator.

Calculating the dosing interval with both equa-

tions [Steps 4 and 5] will serve as an added arithmetic

check, because both methods should give the same
answer.

 

Clinical Correlate

Some people guess at the best dosing interval

and gloat when they get it correct without

K 2 Y2 4" = I” 0mg“ —ln Urea calculating it. However, if they guess wrong. they
X2 r X1 1: —l‘ will not get the desired trough concentration, and

This equation can be rearranged to easily calcu-
late 1: as shown below:

Step 1. Rearrange Equation 12-4- and then solve
for:

(—K)(r—i)=|n CIrough .— In Check

Step 2. Divide both sides by -K:

= In CLmugh —ln Speak

they will have to guess again.
 

Calculation of Best Dosing Interval (1')
for Patient SG

For patient 86, the calculation of the dosing interval

(1, in hours] proceeds as follows if we want a Cpeak
of6 mg/L and a Cm, of 1 mg/L:ugh

 

t —l‘

_K 1
T=-—(Incroui sire ‘0 'r )‘l‘r

Step 3- Transpose tto the right-hand side ofthe —K 1 sl tee a peakidesteu]

equation: 1

I" Cum —In 09.33,, = .. 46(in 1 mgfL— In 6 mgfL} +1 hr
T = ———?{——'— +i

Step 4. Rearrange:

1

r 2 man CW, —In CM) +r

=(e6.849)(0—1.79) + 1 hr

=(—6.B49)(~1.?9) + 1 hr

= 13.26 hours
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At this point, we know that the best dosing 
interval to obtain our desired cpeak and c trough concen
trations is 13.26 hours. In practice, this number 
would be rounded down to 12 hours. 

Calculation of Maintenance Dose for SG 

Next, we must determine the maintenance dose to 
be given at our desired interval of 12 hours. Note 
that in this example we are calculating the main
tenance dose first and will use it to calculate the 
proper loading dose. 

Once K and Vhave been estimated, the desired C peak 

and C trough concentrations determined, and T calcu
lated, these values can be substituted in our general 
equation and solved for K0 (maintenance dose): 

K (1-e-K1
) C = ___,o __ ___ 

peak (steady state) VK (1- e - K "() 

(See Equation S-1.) 

where: 

cpeak(steady state] = desired peak drug concentration at 
steady state (milligrams per liter), 

Then: 

K0 = drug infusion rate (also maintenance 
dose you are trying to calculate, in 
milligrams per hour), 

V = volume of distribution (population esti
mate for aminoglycosides, in liters), 

K = elimination rate constant (popula
tion estimate for aminoglycosides, 
in reciprocal hours), 

t = duration of infusion (hours), and 

T = desired or most appropriate dosing 
interval (hours). 

K0 (0.1358) 

(1.825)(0 .8265) 

= K0 (0.09) 

66.7 mg = K0 

Lesson 12 I Aminoglycosides 

which would be given over 1 hour for an infusion 
rate ( K0) of 66.7 mgjhour. 

Therefore, patient SG should receive 66.7 mg 
every 12 hours. In practice, the dose would be 
rounded to 70 mg every 12 hours. This amount is 
the initial estimated maintenance dose that would 
be given until c peak and ctrough results are obtained. 
Because we rounded the dose up from the calcu
lated value of 66.7 to 70 mg, the actual cpeak(steadystate) 

is slightly higher than our desired value of 6 mg/L. 
This actual Cpeak(steady stateJ can be determined via a 
simple ratio: 

d . d 
1 1 

actual (rounded) dose t 
1 

k es1re eve x = ac ua pea 
calculated dose 

For this patient, the actual C peak(steady stateJ is 
calculated as follows: 

70 mg 
6 mg/L x = 6.3 mg/L 

66.7 mg 

Problem 18. Calculate the Ctrough concentration 
expected from the dose of 70 mg every 12 hours for 
patient SG. 

The answer to this problem requires the use of 
another equation: 

C = C0e - Kt (See Equation 3-2.) 

where: 

C = drug concentration at time t, 

C0 = drug concentration at time zero or some 
earlier time, and 

e -Kt = fraction of original or previous concen
tration remaining at time t. 

This general equation can be rewritten to show 
the calculation of patient SG's C trough concentration 
after she receives her dose of70 mg every 12 hours: 

- Kt' 
ctrough (steady state) = c peak (steady state) e 

(See Equation 3-2.) 

where t' = T- time of infusion (t), or the change in 
time from the first concentration to the second. 

187 
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187

At this point, we know that the best dosing which would be given over 1 hour for an infusion

interval to obtain our desired C9,,“ and Ctrough concen- rate (Kn) of 66.7 trig/hour.

trations is 13.26 hours. In practice, this number Therefore, patient SG should receive 66.7 mg
would be rounded down to 12 hours. every 12 hours. in practice, the dose would be

rounded to 70 mg every 12 hours. This amount is

Ca|culation of Maintenance DOSE 'l'OI' SG the initial estimated maintenance dose that would

be given until Cpeak and Emma“ results are obtained.
Next, WE must determine the maintenance 61053 {0 Because we rounded the close up from the calcu-

he given at our desired interval of 12 hours. Note lated value of 66.7 to 70 mg, the actual kaimdwml
that in this example WE are calculating the main- is slightly higher than our desired value of 6 mg/L.

tenance dose first and will use it to calculate the This actual Cpeaklmdymm can be determined via a
proper loading dose. simple ratio:

Once Kand Vhave been estimated. the desired CPeak | El
and 6mm, concentrations determined, and 1' calcu- desired IEVBIXW = actual peak
lated, these values can be substituted in our general calCUlaled dose
equation and solved for Kn (maintenance dose]:

K (1_ 8"“) For this patient, the actual Cnmwauwmfl is
Cmameadmm = ng—Kl- calculated as follows:1~e‘ ‘

70 mg
[See Equation 5-1.] 6 mglL X = 6.3 mglL

66 ? mgwhere:

Cneaktsteadrsmlel : 3:5;39ds?;:k[:ln::? :ZESBnirfltfitft Preztilnhsun 1E}. Calculate the Cmgi, concentration
y g p ' expected from the dose of 70 mg every 12 hours for

K0 = gruginfusion rate [also malintianance patient 56.. t ‘ '
0.3? you we rymg to ca m ate, m The answer to this problem requires the use of

milligrams per hour), .
another equation:

V = volume ofdistribution [population esti-

mate for aminoglycosides, in liters), C : Cue—Kl (See Equation 34']
K = elimination rate constant [popula-

tion estimate for amino 1 ' where:g ycomdes,

in reciprflca] hours]! C = drug concentration at time t,

t = duration of infusion [hours], and C,J = drug concentration at time zero or some

1: = desired or most appropriate dosing earlier time, and
interval [hours]. e""‘ = fraction of original or previous concen-

Then: tration remaining at time t.

K (1_ B'U'HB ”.1“ in) This general equation can be rewritten to show
5 mgfL :0——‘ the calculation of patient SG’s Cm,ugh concentration

0.146 hr"(1 2.5)(1 — 8'“15 '1' "2"”) after she receives her dose of70 mg every 12 hours:

K 0.1 _ _,‘.,.
=fl Cllmflh [steady state] — Com [many serene

{1.825)(U.8265)

: Kale-09) [See Equation 3-2.)

K where t’ = 1: - time of infusion (t), or the change in
66‘? mg 3 0 time from the first concentration to the second.
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188 
Concepts in Clinical Pharmacokinetics 

In this case, we are saying that Ctrough equals 
cpeak multiplied by the fraction of cpeak remaining (as 
described by e-Kt') after elimination has occurred for t 
hours (i.e., 11 hours). As shown in Figure 12-3, because 
the peak concentration occurs at the end of the 1-hour 
infusion, t in this equation is always T (dosing interval) 
minus t (duration of infusion). 

You should understand how t, T, and t' differ. 

In patient SG's case, the estimated Ctrough would be: 
-Kt' 

ctrough (steady state) = c peak (steady state) e 

= (6.3 mg/L)e-(0146 hr-')(12 hr-1 hr) 

= (6.3 mg/L)e-(o 146 hr-')(11 hrl 

= (6.3 mg/L)e-1 6o6 

= (6.3 mg/L)(0.200) 

= 1 .26 mg/L; round to 1.3 mg/L 

This calculation tells us that 70 mg every 12 hours 
will give an estimated Cpeak of 6.3 mg/L and an esti
mated Ctrough of 1.3 mg/L. Remember that we actually 
picked a desired Ctrough of 1 mgjL, but we also short
ened the desired dosing interval from 13.2 to 12 
hours, making the estimated ctrough higher than the 
initial desired Ctrough· If, based on clinical judgment, a 
lower ctrough is desired, the dose can be recalculated 
with a longer dosing interval, such as 16 hours. 

In patient SG's case, if a Ctrough close to 2 mg/L had 
been attained, it would have been because we chose a 
dosing interval shorter than that recommended by our 
dosing interval calculation. Therefore, we would need 
to reexamine the rounding of our dosing interval and 
would probably round it up from 13.2 to 16 or 18 hours. 

1: 
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FIGURE 12-3. 
Hours of elimination after drug peaks. 

CASE 2 
In Case 1, we showed how to calculate an 
appropriate maintenance dose and dosing 
interval. For this case, we use the data presented 
in Case 1 and continue treating patient SG. 

l#ll'i1i'1[#)iii'A1 Calculate an appropriate loading dose 
to approximate a plasma concentration of 6 mg/L. 

There are several methods to calculate a loading 
dose, and two are presented. Because one method 
requires estimation of the maintenance dose first, 
the loading dose is determined after the mainte
nance dose and dosing interval are calculated. In 
clinical practice, the loading and maintenance doses 
would be calculated at the same time. 

Like all drugs given at the same maintenance 
dose via intermittent administration, amino
glycosides will not reach the desired steady-state 
therapeutic concentration for three (87.5% of 
steady state) to five (96.9% of steady state) drug 
half-lives. Therefore, subtherapeutic concentrations 
may exist for 1-2 days of therapy in patients with 
longer half-lives. Figure 12-4A shows a plasma 
drug concentration versus time simulation for an 
aminoglycoside given at the same dose six times. 

In Lesson 3, we learned that a patient's drug 
half-life is dependent on the elimination rate 

1: 
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FIGURE 12-4. 

,r"' loading dose 
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8 

A. Drug accumulation to steady state without a loading 
dose. B. Concentration versus time simulation for the same 
aminoglycoside dose preceded by a loading dose. 
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Concepts in Clinical Pharmacukinetics 

In this case, we are saying that Cmgh equals

CPeak multiplied by the fraction of CW remaining [as
described by ed“) alter elimination has occurred for t

hours [i.e., 11 hours). Asshown in Figure 12-3, because

the peak concentration occurs at the end of the 1-hour

infusion, t’ in this equation is always 1: [dosing interval)

minus t [duration of infusion].

You should understand how t, 1:, and t’ differ.

In patient SG’s case, the estimated 6mg, would be:

0 = C e'”lrough isleaoy stale} Dealt [steady stale:

: (53 mg‘fLm—EDJ-lfi hr' 'll12 ill—1hr!

: (63 mgfLm—lniism 'iilihri

: (6_3 mg!L}e-l.mfi

= (5-3 mgiL}(0.200)

:1-25 mgiL; round to i .3 mg;:_

This calculation tells us that 70 mg every 12 hours

will give an estimated CPeak of 6.3 mg/L and an esti-

mated megh of 1.3 mg/L. Remember that we actually

picked a desired Enough of 1 mg/L, but we also short-
ened the desired dosing interval from 13.2 to 12

hours. making the estimated Cm," higher than the

initial desired Cm“. If, based on clinical judgment, 3

lower 6mg, is desired, the dose can be recalculated
with a longer dosing interval, such as 16 hours.

In patient SG’s case, if a Cmg], close to 2 mg/L had
been attained, it would have been because we chose a

dosing interval shorter than that recommended by our

dosing interval calculation. Therefore, we would need

to reexamine the mending of our dosing interval and

would probably round itup from 13.2 to 16 or 18 hours. 

PlasmaDrugConcentration (Inscale} 
 

FIGURE 12-3.

Hours of elimination after drug peaks.

 

CASE 2

In Case 1, we showed how to calculate an

appropriate maintenance dose and dosing

interval. For this case, we use the data presented

in Case 1 and continue treating patient 56.
 

F'I'ijijilrerTI _‘  A. Calculate an appropriate loading dose

to approximate a plasma concentration of 6 mg/L.

There are several methods to calculate a loading

dose, and two are presented. Because one method

requires estimation of the maintenance dose first,

the loading dose is determined after the mainte-

nance dose and dosing interval are calculated. In

clinical practice, the loading and maintenance doses
would be calculated at the same time.

Like all drugs given at the same maintenance
dose via intermittent administration, amino-

glycosides will not reach the desired steady-state

therapeutic concentration for three [87.5% of

steady state) to five [96.9% of steady state) drug

half-lives. Therefore, subtherapeutic concentrations

may exist for 1‘2 days of therapy in patients with

longer half-lives. Figure 12-4A shows a plasma

drug concentration versus time simulation for an

aminoglycoside given at the same dose six times.

In Lesson 3, we learned that a patient's drug

half-life is dependent on the elimination rate

Time
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FIGURE 12-4.

A. Drug accumulation to steady state without a loading
dose. B. Concentration versus time simulation for the same

aminoglycoside dose preceded by a loading close.
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constant (K). Mathematically, TY2 equals 0.693/K 
and, vice versa, K equals 0.693/T Y2 . Thus, time to 
reach steady state is dependent on the elimination 
rate constant (K) for a given patient. 

Clinical Correlate 

This is an interesting and conflicting concept. 
Reaching a steady-state drug concentration 
depends only on the patient's elimination rate 
(K). Steady state occurs in three to five drug 
half-lives. The time to steady state cannot be 
shortened with a loading dose infusion. However, 
a loading dose infusion can produce a plasma 
drug concentration approximately equal to the 
eventual steady-state concentration (see Figure 
12-48). That is, a loading dose infusion will 
quickly bring the patient's drug concentration 
to a concentration that approximates the 
concentration at steady state. In addition, any 
time the dose or dosing interval is changed, it will 
take another three to five half-lives to reach a 
new steady-state concentration. After changing a 
dosing regimen, remember to allow enough time 
to reach a new steady-state concentration before 
repeating plasma drug concentrations. 

Calculating a Loading Dose 
The loading dose infusion can be calculated from the 
formula for an intermittent infusion not at steady 
state as shown in Lesson 5: 

Ko - Kt 
Cpeak (steady state) = VK (1- 8 ) 

where: 

c peak(steady state) = desired peak drug concentration at 
steady state, 

K0 = loading dose (in mg) to be infused + 

duration of infusion (in hours), 

V = volume of distribution (population 
estimate, in liters), 

K = elimination rate constant 
(population estimate, in reciprocal 
hours), and 

t = duration of infusion (1 hour) . 

Lesson 12 I Aminoglycosides 

Clinical Correlate 

In Lesson 5, we calculated the loading dose of a 
drug administered by intravenous push, 
X0 = Co(desiredl V. This equation assumes a rapid 
infusion of a drug. Because aminoglycosides are 
infused over 30 minutes to an hour, the equation 
below must be used to calculate a loading dose 
to account for the amount of drug eliminated over 
the infusion period. The term (1 - e-Kt) represents 
the fraction remaining after (t), the time of 
infusion. 

This equation can be rearranged to isolate K0 on 
one side of the equation: 

K = Cpeak (steady state) (VK) 
o (1- 8- Kt ) 

Patient SG's loading dose infusion can then be 
calculated: 

10.95 

6 mg/L (desired peak) can be used 
instead of actual peak (6.3 mg/L) 

=---
0.1358 

= 80.6 mg 

By this method, the loading dose infusion can be 
determined before the maintenance dose is calcu
lated, but only with a complicated equation. 

Another, easier loading dose formula that 
requires calculation of the maintenance dose first is 
shown below: 

maintenance dose 

loading dose = ~ 
(1-e- ' ) 
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constant (K). Mathematically, Tie equals 0.693,!K

and, vice versa, K equals 0.693/Tié. Thus, time to

reach steady state is dependent on the elimination

rate constant [K] for a given patient.

 

Clinical Correlate

This is an interesting and conflicting concept.

Reaching a steady-state drug concentration

depends only on the patient's elimination rate

{K}. Steady state occurs in three to five drug

half-lives. The time to steady state cannot be

shortened with a loading dose infusion. However,

a loading dose infusion can produce a plasma

drug concentration approximately equal to the

eventual steady-state concentration (see Figure

12-43). That is, a loading dose infusion will

quickly bring the patient's drug concentration

to a concentration that approximates the

concentration at steady state. In addition, any

time the dose or dosing interval is changed, it will
take another three to five half-lives to reach a

new steady-state concentration. After changing a

dosing regimen. remember to allow enough time

to reach a new steady-state concentration before

repeating plasma drug concentrations.
—

Calculating 3 Loading Dose

The loading dose infusion can be calculated from the

formula for an intermittent infusion not at steady
state as shown in Lesson 5:

fl_ or:

Cneakisleadysiarel _ VK (1— E‘ )
where:

Cpeammadmm, = desired peak drug concentration at
steady state,

KG = loading dose (in mg] to be infused +

duration ofinfusion [in hours],

V = volume ofdistrihution (population

estimate, in liters],

K = elimination rate constant

[population estimate, in reciprocal

hours], and

t = duration ofinfusion (1 hour].
 

 

Clinical Correlate

In Lesson 5, we calculated the loading dose of a

drug administered by intravenous push,

x, = Cfl,,,,,,,,,,l/. This equation assumes a rapid
infusion of a drug. Because aminoglycosides are

infused over 30 minutes to an hour, the equation

below must be used to calculate a loading dose

to account for the amount of drug eliminated over

the infusion period. The term (1 — e4“) represents

the traction remaining after (t). the time of
infusion.
—

This equation can be rearranged to isolate K0 on

one side of the equation:

__ Cpeak lsteady stale] (VK)
U [41— e—Ki')

Patient SG’s loading dose infusion can then be
calculated:

6' rngiL {desired peak} can be used

illsleatl elastic-1| geek [6.3 rngi'L]

189

 
loading dose :m"2-5 L)(U.146 hr“)

— (1 _ e—io.li6nr"]{1nr:}

_ 10.95
0.1358

2 80.6 mg

By this method, the loading dose infusion can be

determined before the maintenance dose is calcu-

lated, but only with a complicated equation.

Another, easier loading dose formula that

requires calculation ofthe maintenance dose first is
shown below:

loading dose =Q
l1 - 8"“)
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where: 

K0 = estimated maintenance dose, 

1/(1 - e-KT) = accumulation factor at steady 
state (see Equation 4-2), and 

T = dosing interval at which estimated 
maintenance dose is given. 

With this loading dose formula you are, in essence, 
multiplying the desired maintenance dose by a 
factor (the accumulation factor) representing the 
sum of the fraction of doses that have accumulated 
at steady state. This factor describes how much the 
concentration will be increased at steady state. 

These two formulas are derivations of each 
other, as shown below. Begin with our general 
formula and rearrange it to solve for K0 : 

K (1-e-K1) c = ----"-0 ---;:--
peak(steady state) VK (1- e -K') 

This corresponds to the circled portion of the , 
. I 

next equat1on . • 

The first numerator j denominator combination in 
the above equation is also found in the equation for 
the loading dose: 

C (VK) loading dose ::. peak(steady state) 
(1-e-KI) 

Therefore, the right-hand term of this loading dose 
equation can be substituted into the general equa
tion for K0 (Step 1 below) and then rearranged 
(Step 2 below) to then yield our other loading dose 
formula: 

Step 1: K0 = (loading dose)(1- e-K-r ) 

Step 2: (loading dose) = Ko K 
(1-e- ' ) 

For patient SG, the loading dose should be: 

loading dose= Ko K 
1-e- ' 

66.7 mg (actual dose 
calculated) can be 
used instead of 70 mg 
(actual dose given) 

66.7 mg/hr = ----.,-----
1- e - (0.146 hr- 1)(12 hr) 

~8~ 
= 80.8 mg 

Both loading dose formulas will give approxi
mately the same number. However, some prefer 
the loading dose equation that requires the main
tenance dose to be calculated first because it 
is simple. Patient SG should receive a loading 
dose of 80 mg (rounded) followed by a mainte
nance dose of 70 mg every 12 hours. The 80-mg 
loading dose should give an approximate CP of 
6 mg/L. Based on the estimated parameters, steady 
state should be attained in three to five half-lives 
(3 x 4.75 = 14.25 hours; 5 x 4.75 = 23.75 hours). 
(See Equation 3-3.) 

CASE3 
To continue with patient SG from Cases 1 and 
2, blood was drawn for drug concentration 
assessment around the fourth dose (i.e., 
approximately 5 minutes before dose was due 
and immediately after the 1-hour dose infusion). 
Cpeak and Ctrough were determined as follows: 

• 7:55 AM: Grough was 0.4 mg/L (before fourth dose). 

• 8-9 AM: 70-mg dose was infused over 1 hour. 

• 9 AM: Cpeak was 4.6 mg/L (after fourth dose). 

Although a peak and trough was ordered, a trough 
and peak was actually drawn. In this example, the 
trough level was taken just before the fourth dose 
was given, and the peak level was obtained just 
after the fourth dose was given. This procedure is 
normal and appropriate if the concentrations are at 
steady state. Figure 12-5 illustrates that, at steady 
state, Ctrough from a trough and peak is equal to the 
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where: For patient SG, the loading dose should be:

K0 = estimated maintenance dose. . KG
. loading dose = K

1/[1 - e'“) = accumulation factor at steady l—e' ‘
state see E nation 4-2 ,and

_ { , q ‘ ) . 66.? mm
1: 2 closing interval at winch estimated = -ro.msnr"ii12ho

maintenance dose is given. 1’ 8—-

. as 7 mg}?
With this loading dose formula you are, in essence. = ' r”
multiplying the desired maintenance dose by a » 26

factor {the accumulation factor] representing the =80 8 mg
sum of the fraction of doses that have accumulated

at steady state. This factor describes how much the

concentration will be increased at steady state.

These two formulas are derivations of each

other, as shown below. Begin with our general

formula and rearrange it to solve for Kn:

Ken—e”)
makisieadrsiatel =W

KO @sleady sale: (VK

This corresponds to the circled portion of the

  
 nest equation.

The first numerator/denominator combination in

the above equation is also found in the equation for

the loading dose: f—a

loading dose :M
(1_ e—Kr)

Therefore, the right-hand term of this loading dose

equation can be substituted into the general equa-

tion for KE| [Step 1 below] and then rearranged

[Step 2 below] to then yield our other loading dose
formula:

Step 1: KO : (loading dose)(1—e"“)

Ste 2: loadin dose 2 —
p l g l Md,“

Both loading dose formulas will give approxi-

mately the same number. However, some prefer

the loading dose equation that requires the main-
tenance dose to be calculated first because it

is simple. Patient SG should receive a loading

dose of 80 mg (rounded) followed by a mainte-

nance dose of 70 mg every 12 hours. The Bil-mg

loading close should give an approximate Cp of
6 mg/L. Based on the estimated parameters, steady
state should be attained in three to five half-lives

[3 x 4.75 : 14.25 hours; 5 x 4.75 = 23.75 hours].

[See Equation 3-3.)

CASE 3

To continue with patient 38 from Cases 1 and

2, blood was drawn for drug concentration

assessment around the fourth dose 0.3.,

approximately 5 minutes before dose was due

and immediately after the 1-hour dose infusion}.

CW and if:llegh were determined as follows:

- 7:55 AM: Gm, was 0.4 mglL (before fourth dose).

- 8—9 AM: TO-mg dose was infused over 1 hour.

a 9 AM: Cm, was 4.6 mgfL (after fourth dose).

Although a peak and trough was ordered, a trough

and peak was actually drawn. In this example. the

trough level was taken just before the fourth dose

was given, and the peak level was obtained just

after the fourth dose was given. This procedure is

normal and appropriate if the concentrations are at

steady state. Figure 12-5 illustrates that, at steady

state, [31mm from a trough and peak is equal to the

 

 

 
A

Opiant Exhibit 2059
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc.

lPR2019—00685

Page 198



These peaks are equal 

Time 

FIGURE 12-5. 
Peak and trough concentrations at steady state . 

ctrough from a peak and trough because all ctrough 

and all Cpeak values are the same. We know that if 
we measured a G;rough after the Cpeak • it would equal 
the C1rough before the Cpeak· This is not true before 
steady state is reached. In this case, therefore, 
when a peak and trough is ordered, the literal 
interpretation would be: 

1. Give the infusion from 8 to 9 AM . 

2. Draw a sample to determine Cpeak at 
approximately 9 AM. 

3. Wait until the end of SG's 12-hour dosing 
interval (approximately 7:55 PM) to draw a 
sample to determine Ctrough· 

In practice, this method is too cumbersome 
for pharmacy, nursing, and laboratory staff, so 
usually a trough and peak is drawn if steady state 
has been attained. 

It is recommended that Cpeak be measured either 
at the end of a 1-hour infusion, 30 minutes after 
the end of a 30-minute infusion, or 1 hour after an 
intramuscular injection. Infusing aminoglycosides 
over 1 hour allows simpler pharmacokinetic 
calculations in that the duration of infusion (t) is 
1 hour and the infusion rate (l<o) is simply the dose 
given. Remember that Ko is expressed as milligrams 
per hour. So, if the drug is infused over 30 minutes 
(0.5 hour), then Ko = dose (mg)/0.5 (hour). 

Clinical Correlate 

An actual peak and trough, as opposed to a 
trough and peak, is sometimes ordered on the 
first (i.e., not at steady state) dose of a drug to 
estimate volume of distribution and Kin a patient 
whose drug half-life is quite long. (See Lesson 
13, Vancomycin, Case Two, for a case on this.) 

Lesson 12 1 Aminoglycosides 

Problem 3A. Are patient SG's concentrations of 
4.6 mg/L (peak) and 0.4 mg/L (trough) at steady state? 

Patient SG's concentrations were determined around 
the fourth dose, meaning 36 hours after her first 
dose. To determine whether these serum values are 
steady-state concentrations, we must use C peak and 
C trough to calculate SG's actual K and TY2 . These calcu
lations are done in Problem 3C, and the results are 
0.222 hr -1 forK and 3.12 hours for TY2 . Five half-lives 
would equal15.6 hours (3 .12 x 5), which is less than 
the 36 hours elapsed. Therefore, these concentra
tions are considered to be at steady state. If the drug 
is not at steady state, the pre-dose ctrough would be less 
than the post-dose C trough and would overestimate K 

Problem 38. How can you determine when to 
order drug concentration samples so they are likely 
to be at steady state? 

You want to determine C peak and C trough after the patient 
is at steady state. Therefore, you must draw blood 
samples three to five drug half-lives after the first 
dose. You must estimate the patient's K and TY2 using 
population estimates as in Case 1 and then multiply 
the TY2 by three to five. As shown in Lesson 4, after 
three half-lives, concentrations are 87.5% of steady 
state, whereas after five half-lives, they are 96.9% 
of steady state. Use judgment when choosing three, 
four, or five half-lives to calculate time to steady state. 
Plasma concentration sampling should be scheduled 
to follow the dose that achieves steady state. 

For patient SG, the estimated K and T Y2 (from 
Case 1, Problem 1A) were 0.146 hr-1 and 4.75 
hours, respectively. Therefore, steady state would 
be reached in 23.75 (5 x 4.75) hours. You could then 
schedule cpeak and c trough determinations at the next 
dose after 24 hours have elapsed. 

Clinical Correlate 

By calculating the patient's actual elimination rate 
(K) and volume of distribution (V), pharmacists 
can more accurately predict patient-specific 
pharmacokinetic data, thereby optimizing patient 
care. Once patient-specific parameters are known, 
it is important not to continue to use population 
estimates to adjust dosages or dosage intervals. 
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These peaks are equal

“a\ These troughs are equeino“

at:I‘—
G
o
Ein
En. Concentration 

FIGURE 12-5.

Peak and trough concentrations at steady state.

Gmh from a peak and trough because all Cm,l1
and all Cm values are the same. We know that if

we measured a Gm, after the CM, it would equal

the 0,,th before the Speak. This is not true before
steady state is reached. In this case, therefore,

when a peak and trough is ordered. the literal

interpretation would be:

1. Give the infusion from 3 t0 9 AM.

2. Draw a sample to determine 0W... at
approximately 9 AM.

3. Wait until the end of 88‘s 12-hour closing

intervai {approximately 7:55 PM) to draw a

sample to determine am“.

In practice, this method is too cumbersome

for pharmacy, nursing, and laboratory staff, so

usually a trough and peak is drawn if steady state
has been attained.

It is recommended that Cm, be measured either
at the end of a 1-hour infusion, 30 minutes after

the end of a 30-minute infusion, or 1 hour after an

intramuscular injection. lnfusing aminoglycosides

over 1 hour allows simpler pharmacokinetic

calculations in that the duration of infusion (t) is

1 hour and the infusion rate (K0) is simply the dose

given. Remember that It, is expressed as milligrams

per hour. So. it the drug is infused over 30 minutes

(0.5 hour), then it) = dose (mg)!0.5 (hour).
 

 

Clinical Correlate

An actual peak and trough. as opposed to a

trough and peak, is sometimes ordered on the

first (i.e.. not at steady state) dose of a drug to

estimate volume of distribution and K in a patient

whose drug half-life is quite long. (See Lesson

13. Vancomycin, Case Two, for a case on this.)
*

 

 Prelude-u n a Are patient SG's concentrations of

4.6 mg/L [peak] and 0.4 mg/L [trough] at steady state?

Patient SG’s concentrations were determined around

the fourth dose. meaning 36 hours after her first
close. To determine whether these serum values are

steady-state concentrations, we must use Cpeak and

Cmgh to calculate SG’s actual K and T95. These calcu-
lations are done in Problem 3C, and the results are

0.222 hr‘1 for Kand 3.12 hours for T’xé. Five half-lives

would equal 15.6 hours (3.12 x 5). which is less than

the 36 hours elapsed. Therefore. these concentra~

tions are considered to he at steady state. If the drug

is not at steady state. the pre-dose Cmgl, would be less

than the post‘dose (3,“,th and would overestimate K.

F'h'ijljlt—EI'F‘I if“ B. How can you determine when to

order drug concentration samples so they are likely

to he at steady state?

You want to determine 6pm and Clmugi, after me patient
is at steady state. Therefore, you must draw blood

samples three to five drug half-lives after the first

dose. You must estimate the patient's Kand Tie using

population estimates as in Case 1 and then multiply

the 7% by three to five. As shown in Lesson 4, after

three half-lives. concentrations are 87.5% of steady

state, whereas after five half-lives. they are 96.9%

of steady state. Use judgment when choosing three,

four. or five half-lives to calculate time to steady state.

Plasma concentration sampling should be scheduled

to follow the dose that achieves steady state.

For patient SG, the estimated K and T34: (from

Case 1, Problem 1A] were 0.146 hr"1 and 4.75

hours, respectively. Therefore, steady state would

be reached in 23.75 [5 >< 4.75) hours. You could then

schedule Cpeak and Cmug], determinations at the next
dose after 24 hours have elapsed.

 

Clinical Correlate

By calculating the patient's actual elimination rate

(K) and volume of distribution (V), pharmacists

can more accurately predict patient-specific

pharmacokinetic data. thereby optimizing patient

care. Once patient-specific parameters are known,

it is important not to continue to use population

estimates to adiust dosages or dosage intervals.
*
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Concepts in Clinical Pharmacokinetics 

Problem 3C. Adjust patient SG's dosing regimen, 
based on cpeak and ctrough concentrations, to obtain 
the desired Cpeak of 6 mg/L and Ctrough of 1 mg/L. 

Adjustment of patient SG's dose involves using the 
measured drug concentrations to calculate an actual 
K and V and then substituting these new values for 
our initial estimates of K and V, in Equations 3-2, 
5-1, and 12-4, used in Case 1. The formula for K 
below comes from a rearrangement of the general 
equation used to calculate the slope of the natural 
log of plasma drug concentration versus time line 
as described in Case 1. Remember that because 
concentration decreases with time, the slope (and 
hence, -K) is a negative number. 

Calculation of SG's Actual Elimination 
Rate (K) 
To calculate K, the equation is: 

K= 

(See Equation 3-1.) 

where: 

In Ctrough -In Cpeak 

r.-t 

K = elimination rate constant (in reciprocal 
hours), 

Ctrough = measured trough concentration (0.4 mg/L), 

Cpeak = measured peak concentration 
(4.6 mg/L), 

T = dosing interval at the time concentra
tions are obtained (12 hours), and 

t = duration of infusion (1 hour). 

Again, remembering a rule of logarithms: 

In a- In b =In (alb) 

we can simplify this equation for hand-held calculators: 

In ( Ctrough 

K = _ Cpeak 

r.-t 

This equation version is more calculator-friendly 

Either form of this equation may be used to 
calculate K, as follows: 

K = In 0.4 mg/L -In 4.6 mg/L 
12 hr -1 hr 

-0.916-1.52 
= 

11 

-2.44 
= 

11 

= 0.222 

Therefore, K = 0.222 hr -1, compared to 0.146 hr -1, 
which was our estimate, or: 

In (0.4 mg/L) 
K = 4.6 mg/L 

12 hr -1 hr 

In (0.0869) 

11 hr 

-2.442 

11 hr 

= 0.222 hr-1 

Patient SG's actual K of 0.222 hr-1 is greater than 
the estimated value of 0.146 hr -1, so her elimination 
probably was greater than estimated. Her actual 
drug half-life (T ~) is 3.12 hours, shorter than the 
population-estimated T~ of 4.75 hours: 

TJ2 = 0.693/K (See Equation 3-3.) 

= 0.693/0.222 hr -1 

=3.12hours 

The formula for K above can also be used to 
calculate the slope, -K, for any two points on the 
natural log of plasma drug concentration versus 
time line. For instance, suppose that instead of a 
Cpeak' patient SG had a concentration measured 
at 11 AM (2 hours after Cpeak). This concentration 
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 Prolzllt-srn L:iI:_.‘:. Adjust patient SG’s dosing regimen.

based on Cpeak and Cwugl, concentrations, to obtain

the desired Cwalk of 6 rug/L and C,mugh ofl rug/L.

Adjustment of patient SG's dose involves using the

measured drug concentrations to calculate an actual

Kand V and then substituting these new values for

our initial estimates of K and V, in Equations 3-2,

5-1I and 12-4, used in Case 1. The formula for K

below comes from a rearrangement of the general

equation used to calculate the slope of the natural

log of plasma drug concentration versus time line
as described in Case 1. Remember that because

concentration decreases with time, the slope {and

hence, -K) is a negative number.

Calculation of SG’s Actual Elimination

Rate (K)

To calculate K, the equation is:

In cm, —ln cm,
I —i

[See Equation 3-1.)

where:

K = elimination rate constant (in reciprocal

hours],

Cmgh = measured trough concentmtion [0.4 mg/L].

ka 2 measured peak concentration
{46 rug/L).

1: = dosing interval at the time concentra-

tions are obtained [12 hours), and

t = duration ofinfusion [1 hour].

Again, remembering a rule of logarithms:

in a— In b: In (3/1))

We can simplify this equation for hand-held calculators:

./"/ In [anfl\(K Speak

 

This equation t-‘el'siun is more calculator-Friendly 

 

Either form of this equation may be used to
calculate K, as follows:

_ In 0.4 mgtL — In 4.6 rug/L
12 hr—i hr

_—U.916—l.52
11

K:

_ —2.44
11

=0.222

Therefore, K = 0.222 hr", compared to 0.146 hr'i,
which was our estimate, or:

In [9.4 mgit']
4.6 mgfL

12hr—1hr

In (0.0869)

11 hr

—2.442

11 hr

=0.222 hr“

 

Patient SG’S actual K of 0.222 hr'1 is greater than
the estimated value of0.14-6 hr ", so her elimination

probably was greater than estimated. Her actual

drug half-life (Ti/é] is 3.12 hours, shorter than the

population-estimated TJ/é of4.75 hours:

 
Tie = 0.893l’K [See Equation 3«3.}

: 0.693t0222 hr‘I

= 3.12 hours

The formula for K above can also be used to

calculate the slope, —K, for any two points on the

natural log of plasma drug concentration versus

time line. For instance, suppose that instead of a

Cm,“ patient 50 had a concentration measured

at 11 AM [2 hours after Cmak]. This concentration  
A
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was 2.95 mg/L. You can still calculate her Kvalue as 
follows (Figure 12-6): 

K =_In 0.4 mg/L - In 2.95 mg/L 
12 hr- 1 hr - 2 hr 

-0.916-1 .0818 

9 

-1.9978 

9 

= 0.222 

Note that this K value is the same as the one 
calculated with the measured c peak and ctrough concen
trations. 

Calculation of SG's Actual Volume of 
Distribution ( V) 

Patient SG's actual volume of distribution (V) is calcu
lated with the equation from Case 1. Use the actual 
c peak and ctrough values, dose, and dosing interval. 

C = Ko(1 - e-Kt ) 
peak(steady state) VK (1- e -K t) 

This equation can also be rearranged to isolate V 
on one side of the equation if the reader so prefers, 
although it is not normally necessary. 

K (1-e-K1
) 

V= o 
Cpeak(steady state) K (1- e-Kt ) 

(See Equation 5-1.) 

1 2 3 4 5 6 7 8 9 10 11 12 (hr) 
Time 8 9 10 11 12 1 2 3 4 5 6 7 

(AM) (PM) 

FIGURE 12-6. 
K from any two points. 

Lesson 12 I Aminoglycosides 

where: 

t = the duration of the infusion and 

T = dosing interval at the time 
concentrations are obtained. 

In this case, some of the variables substituted in 
this equation are different from those used when 
initially estimating a dose. The changes from Case 1 
are shown here in bold type: 

c peak(steady state) = c peak measured at steady state, 

K0 = maintenance dose infused 
at time cpeak and ctrough were 
measured, 

V = patient's actual volume of 
distribution that you are trying 
to determine based on cpeak and 
ctr ough values, 

K = elimination rate constant calculated 
from patient's c peak and ctrough values, 

t = duration of infusion (hours), and 

T = patient's dosing interval at time 
cpeak and ctrough were measured. 

In patient SG's case, she received a maintenance 
dose of 70 mg every 12 hours, with subsequent 
C peak and C trough concentrations of 4.6 and 0.4 mgjL, 
respectively. Her K value from these concentrations 
was 0.222 hr -1. 

If we substitute these values into the previous 
equation, we can solve for patient SG's actual V: 

(70 mg/hr)(1- e-(0.222 hr-1)(1 hr) ) 
4.6 mg/L = 1 

(V)(0.222 hr-1)(1_ 8-(o222 hr )(12hr)) 

4.6 m /L = (315)(0.199) 
g (V)(0.930) 

V=14.7L 

compared to 12.5 L that we estimated. 

Patient SG's V value of 14.7 L (which equals 
0.28 L/kg IBW) is larger than estimated and would 
tend to make her actual c peak and ctrough lower than 
estimated. 
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was 2.95 mg/L. You can still calculate her Kvalue as

follows [Figure 12-6]:

# In 0.4 mgi’L — In 2.95 mglL
12 hr—1 hr—2 hr

_—0.916—i.0818
9

a —1 997's
9

=0.222

Note that this if value is the same as the one

calculated with the measured Cum and Emmy, concen-
trations.

Calculation of SG's Actual Volume of

Distribution (V)

Patient SG’s actual volume ofdistribution (V) is calcu~

lated with the equation from Case 1. Use the actual

CD,“ and CtrDLllgll values, dose, and dosing interval.

_ KOO—8'”)
Wakisleadysmlel “m

This equation can also be rearranged to isolate V

on one side of the equation if the reader so prefers.

although it is not normally necessary.

[See Equation 5-1.]
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where

t = the duration of the infusion and

1: 2 dosing interval at the time
concentrations are obtained.

In this case, some of the variables substituted in

this equation are different from those used when

initially estimating a dose. The changes from Case 1

are shown here in bold type:

Cpealqstcady Me} = C1,,ak measured at steady state,

KD = maintenance dose infused

at time CF,“ and CNS“ were
measured,

V = patient's actual volume of

distribution that you are trying

to determine based on Cpeak and

5mm. values,

K = elimination rate constant calculated

from patient’s CW, and Cmgh values,

t = duration ofinfusion (hours), and

t = patient's dosing interval at time

Gym and Clrnugh were measured.

in patient SG’s case, she received a maintenance

dose of 70 mg every 12 hours, with subsequent

CF,alt and Cmugh concentrations of 4.6 and 0.4 mg/L,
respectively. Her K value from these concentrations
was 0.222 hr ".

if we substitute these values into the previous

equation, we can solve for patient SG’s actual V:

(i’U mgmr)(1_ 340.222 hr'13l1m)
4-6 mgiL = ———_.

(VX0222 hr")(1- 3"”??? l" m M)

(315)(0.199)
4.6 IL 2 __*.___

mg (mean)

V =14] L

compared to 12.5 L that We estimated.

Patient SG's V value of 14.7 L [which equals

0.28 L/kg lBW) is larger than estimated and would

tend to make her actual CDunk and CmEh lower than
estimated.
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Now that we have calculated the patient's actual 
K and V, we need to recalculate the dose and dosing 
interval. We must first calculate the new dosing 
interval ( T) and then calculate the new dose 

1 
-r =-(In Ctrough (desired) -In Cpeak (desired) )+ t -K 

where tis the duration of infusion in hours and K is 
the actual elimination rate calculated from patient's 
peak and trough values, and not the estimated value 
of 0.146 hr-1. It is important to note that when we 
calculate our new dosing interval, the values we 
insert into the equation are our desired levels and 
not the levels reported by the lab on the dose of 
70 mg every 12 hours. Then: 

1 
-r = _

0
_
222 

hr_1 (In 1 mg/L -In 6 mg/L) + 1 hr 

= (-4.5)(0 -1 .79) + 1 hr 

=(-4.5)(-1.79)+1 hr 

= 9.06 hr 

(See Equation 12-4.) 

This adjusted T should be compared with 
our initial T estimate of 13.26 hours from Case 1, 
Problem 1A. Because our real T is shorter than 
previously estimated, cpeak and ctrough values less 
than those predicted also would be expected. In 
other words, we initially administered a dose every 
12 hours when, in actuality, the patient needed a 
dose every 9 hours. 

This calculated dosing interval of 9 hours may 
be rounded down to 8 hours for ease in scheduling. 

Problem 30. How is patient SG's adjusted mainte
nance dose now calculated? 

Once again, we shall use the general equation from 
Case 1 and solve for K0• This time, we shall replace 
the estimates of K and V with the calculated (actual) 
values and use the adjusted T value of 8 hours: 

K (1-e-K1) c =~0----~ peak(steady state) VK (1 - e -K T) 

(See Equation 5-1.) 

where: 

Cpeak(steacty stateJ = desired steady-state Cpeak ( 6 mg/L); 

K0 = drug infusion rate (also adjusted 
maintenance dose you are trying to 
calculate, in milligrams per hour); 

V = actual volume of distribution deter-
mined from patient's measured cpeak 
and ctrough values, in liters; 

K = actual elimination rate constant 
calculated from patient's measured 
cpeak and ctrough values, in reciprocal 
hours; 

t = infusion time, in hours; and 

T = adjusted dosing interval rounded to 
a practical number. 

Strikeovers in the following equation show differ
ences from initial estimated maintenance dose 
calculations (see Case 1): 

6 mg/L = Ko 
(~ 14.7 L)(%.--t-4& 0.222 hr-1

) 

6 m /L= K0 0.199 
g (3.263) 0.831 

= K0 (0.0732) 

K0 = 81 .9, rounded to 80 mg 

If 81.9 mg gives a peak of 6 mg/L, then our rounded 
dose of 80 mg will give a peak of 5.86 mg/L. 

l#lli1i'U§)IIfii51! If we give 80 mg every 8 hours, what 
will be our steady-state ctrough? 

If we give 81.9 mg exactly every 9 hours, our Ctrough 
would be precisely as desired: 1 mg/L. But because 
we rounded our dosing interval and adjusted the 
maintenance dose down to practical numbers, we 
must calculate the steady-state Ctrough that will result. 
Our roundings could make our Ctrough too high. 
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Now that we have calculated the patient's actual

Kand V, we need to recalculate the dose and dosing

interval. We must first calculate the new dosing

interval [1-] and then calculate the new dose

1

T = 7““ Clrooghmesirefll _1n Cnaakldearedi)+r
where t is the duration ofinfusion in hours and Kis

the actual elimination rate calculated from patient’s

peak and trough values, and not the estimated value

of 0.146 hr‘. It is important to note that when we

calculate our new dosing interval, the values we

insert into the equation are our desired levels and

not the levels reported by the lab on the dose of

70 mg every 12 hours. Then:

1

1— —0.222 hr“

= (—4.5)(0 —1.79)+1 hr

=(—4.5)(e1.79)+1 hr

(ln1 mgfL+|n B mglL)+1 hr

= 9.06 hr

[See Equation 12-4.]

This adjusted 1: should be compared with
our initial 1' estimate of 13.26 hours from Case 1.
Problem 1A. Because our real 1: is shorter than

where:

desired steady-state gm {6 mg/L) ;CpeaMchady stale}

Kn drug infusion rate [also adjusted

maintenance dose you are trying to

calculate, in milligrams per hour];

V = actual volume ofdistribution deter«

mined from patient's measured Cpeak
and CL valuesI in liters;

actual elimination rate constant

calculated from patients measured

CPeak and Cmgh values. in reciprocal
hours;

rough

a:
u

t = infusion time, in hours; and

‘t = adjusted dosing interval rounded to

a practical number.

Strikeovers in the following equation show differ-
ences from initial estimated maintenance dose

calculations {see Case 1]:

K0

(4% 14.7 HRH—45 0.222 hr")

[ (1_e—m 0.222l1r"[1lv}) I(1_ a. 9.443 0.222 who a no)

5 mgfL =

 
previously estimated. ka and Cmgh values less K 0.199

than those predicted also would be expected. In 6 mgl'L = (3 2E3lm
other words. we initially administered a dose every ’ l

12 hours when, in actuality, the patient needed a = {(400732}
dose every 9 hours.

This calculated dosing interval of 9 hours may

be rounded down to 8 hours for ease in scheduling.

 Pri::.i:.1I.-:::-n-1 ED. How is patient SG's adjusted mainte-
nance dose now calculated?

Once again, we shall use the general equation from

Case 1 and solve for K“. This time. we shall replace

the estimates ofKand Vwith the calculated [actual]

values and use the adjusted I value of8 hours:

K0 (1 — B "m }
cmahisleamstalel : W?)—

[See Equation 5-1.}

Ku = 81.9, rounded to 80 mg

If81.9 mg gives a peak of6 lag/L, then our rounded

dose offlfl mg will give a peak of 5.86 mg/L.

 Prr.::.~|:::leam HE. If we give 80 mg every 8 hours, what

will be our steady-state Cmgh?

If we give 81.9 mg exactly every 9 hours, our Emma“
would be precisely as desired: 1 tug/L. But because

we rounded our dosing interval and adjusted the

maintenance dose down to practical numbers, we

must calculate the steady-state Cums that will result.

Our roundings could make our (funny, too high.
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This C trough calculation is performed similarly to 
the one in Case 1, Problem 1B (strikeovers show 
differences from our initial calculations): 

r> _ C - Kt ' Lltrough(steady state) - peak(steady state)e 

(See Equation 3-2.) 

= 5.86 mg!L[ e-(-&+4&J(0222hr-'J(~ - 1 hour) ] 

= 5.86 mg!L[ e-(-&+4&)(o222H++ 7l] 

= 5.86( e-1554 ) 

= 5.86 (0.211) 

= 1.24 mg/L 

So, in this case, a dose of 80 mg every 8 hours 
will give a steady-state C trough of 1.24 mgjL, still 
well below the usual maximum acceptable trough 
concentration of 2 mg/L. 

CASE4 
Four days later, another set of peak and trough 
concentrations are obtained. Patient SG has 
been receiving 80 mg every 8 hours. However, 
her renal function has declined, as seen by an 
increase in serum creatinine from 1.02 mg/dl 
at baseline to 1. 71 mg/dl today. cpeak and ctrough 
were determined as follows: 

• 7:55AM: Ctrough WaS 3.2 mg/l. 

• 8-9 AM: an 80-mg dose was infused over 
1 hour. 

• 9:00AM: Cpeak was 9.2 mg/L. 

A new adjusted K, T, V, and maintenance dose 
(K0) were calculated using the methods described 
in Case 3. These values are shown below; see if 
you obtain the same numbers: 

new K = 0.151 hr -1, 

new TY2 = 4.6 hours, 

new V = 11 .1 L, 

newT = 12.6 (rounded to 12 hours), 

Lesson 12 I Aminoglycosides 

new maintenance dose (K0) = 60 mg every 
12 hours, and 

new trough concentration = 1.1 mg/L. 

Problem 4A. Because patient SG's C trough on 80 mg 
every 8 hours is now too high (3.2 mg/L), how long 
would you wait before beginning the new dose of 
60 mg every 12 hours? 

Before switching, you must wait for the patient's 
C t.-ough to decrease to approximately 1 mg/L. There
fore, the dose should be held for some time before 
you begin a new lower dose. The formula for calcu
lating the number of hours to hold the dose is: 

C - C - Kt· trough (steady state)(desired) - trough (steady state) e 

(See Equation 3-2.) 

where t' is the amount of time to hold the dose after 
the end of the 8-hour dosing interval. 

This formula is an application of the general 
formula described in Case 1: 

C = C0e -Kt (See Equation 3-2.) 

which means: 

concentration at a time = previous concentration 
x fraction of dose remaining 

In patient SG's case: 

1 mg/L = (3. 2 mg/L) e-0151 h('(t'J 

0.312 mg/L = e-0151(t'J 

Next, take the natural log of both sides: 

In 0.312 =In (e-0·151 (t'l) 

-1.163 = -0.151 (t') 

7.70 hours = t' 

Thus, we should hold patient SG's dose for an 
additional 7.7 (round to 8) hours after the next 
C trough time and then begin her new dose. The 
next Ctrough time for this patient would be 3:45 PM, 
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This C,rmllgh calculation is performed similarly to
the one in Case 1, Problem 1B (strikeovers show

differences from our initial calculations]:

0 = 8""lmughisleauv state} peaklsieadv slate:

[See Equation 3-2.]

= 5.85 mglL[e““'m"°'m Iii—‘JlT—l hour] 1

= 5.85 mg/L[e'l9-i¢31[0.2223m Fl]

wade-‘55“)

= 5.86 (0.211)

= 1.24 mgfL

So, in this case, a dose of 80 mg every 8 hours

will give a steady-state Cm,ugh of 1.24 rug/L, still

well below the usual maximum acceptable trough

concentration on mgfL.

CASE 4

Four days later, another set of peak and trough
concentrations are obtained. Patient 80 has

been receiving 80 mg every 8 hours. However,

her renal function has declined, as seen by an

increase in serum creatinine from 1.02 mgde

at baseline to 1.71 mgrdL today. Cpeak and QM,
were determined as follows:

 

- 7:55 AM: Gm, was 3.2 mgfL.

- 8—9 AM: an 80-mg dose was infused over
1 hour.

- 9:00 AM: 099a,, was 9.2 mgiL.

A new adjusted K.1:. V, and maintenance dose

(K0) were calculated using the methods described
in Case 3. These vaiues are shown below; see if

you obtain the same numbers:

new K = 0.151 hr",

new we = 4.5 hours,

new V = 11.1 L,

new I = 12.6 (rounded to 12 hours).

new maintenance dose {K0} = 60 mg every
12 hours, and

new trough concentration :11 mgrL.
—

 l'—‘-'r.-:::.~l'.:uli::em -:'l-.r"~.. Because patient SG's Cm,ugh on 80 mg

every 8 hours is now too high [3.2 rug/L), how long

would you wait before beginning the new dose of

60 mg every 12 hours?

Before switching, you must wait for the patient's

Ctmugl, to decrease to approximately 1 mg/L. There-
fore, the dose should be held for some time before

you begin a new lower dose. The formula for calcu-

lating the number of hours to hold the dose is:

_ --Kl"
lClrouglusleadv stale}[desiredi _ Ciroughtsieady slalo] '8

[See Equation 3-2.]

where t’ is the amount oftime to hold the dose after

the end of the 3-hour dosing interval.

This formula is an application of the general
formula described in Case 1:

C = 606'” [See Equation 3-2.]

which means:

concentration at a time = previous concentration

x fraction of dose remaining

In patient SG's case:

1 mgfL = (3.2 mgi’L) e'D-‘5‘ “'4‘”

0.312 mgrL : e-fl—Isnn

Next, take the natural log of both sides:

in 0.312 : In (B""’““")

—‘l .163 = —0.151(f')

170 hours :1“

Thus, we should hold patient SG’s dose for an

additional 7.7 [round to 8] hours after the next

Enough time and then begin her new dose. The

next Cmugh time for this patient would be 3:45 PM,

195
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7.75 hours after her last dose (8 AM). The Ctrough at 
this time, at steady state, would also be expected to 
be approximately 3.2 mg/L. We would need to hold 
the regularly scheduled 4 PM dose for 8 hours, until 
12 midnight, at which time we would then begin her 
new dose of 60 mg every 12 hours. 

The calculation of the time to hold a dose can 
be illustrated (Figure 12-7) by plotting patient 
SG's C peak and Ctrough values on semilog graph paper 
and then extending the line connecting them until 
it reaches our desired Ctrough of 1 mg/L. You can 
then count the hours needed to reach this 1-mg/L 
concentration and hold the dose accordingly. 

Another, and often more practical, way to 
estimate the time to hold a patient's dose is by 
examining the half-life. By definition, the drug 
concentration decreases by one-half over each 
half-life. In the following paragraph, we can 
then estimate how many drug half-lives to wait 
for the concentration to approach our desired 
1 mg/L. 

For patient SG (trough of 3.2 mg/L and T ~of 
4.6 hours), the concentration will drop to 1.6 mg/L 
(half of 3.2) in one half-life of 4.6 hours and then 
drop to 0.8 mg/L (half of 1.6) in another 4.6 hours. 
Therefore, we can hold patient SG's doses for 
approximately two half-lives (4.6 x 2 = 9.2 hours) 
before beginning our new dose. 

In patient SG's case, another dose was given 
from 8 to 9 AM, after the Ctrough of 3.2 was obtained 
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Calculation of the time to hold a dose. 

at 7:55 AM. Therefore, her next c trough will occur at 
approximately 3:45 PM"' (shortly before the next 
scheduled dose). We need to hold this dose for an 
additional 9.2 (round to 9) hours and then begin 
our new regimen of 60 mg every 12 hours. 

Extended-Interval 
Aminoglycoside Dosing 

An alternative method to conventional dosing of 
aminoglycosides is extended-interval dosing-admin
istering large doses over extended intervals (24, 36, 
or 48 hours) based on the patient's renal function. 
The theory behind this approach is that administering 
large doses produces higher peak serum concentra
tions than achieved with conventional dosing and, 
thus, increases the peak serum concentration to 
bacterial minimum inhibitory concentration (MIC) 
ratio (Peak/MIC). 

Additionally, administering drug at an extended 
interval creates an aminoglycoside-free period 
that reduces accumulation of aminoglycoside in 
tissues such as the inner ear and kidney, resulting 
in decreased drug-related toxicity. It is known that 
uptake of aminoglycosides by tissues is a saturable 
process. Administering smaller doses at a more 
frequent interval does not saturate this process and 
ultimately leads to higher tissue concentrations than 
those achieved with extended interval dosing. Thus, 
this latter dosing method may actually result in less 
toxicity to the patient. This drug-free interval may also 
decrease the development of adaptive resistance. 

Several characteristics of aminoglycosides as 
a class enable these drugs to be administered by 
the extended-interval method. Aminoglycosides 
demonstrate concentration-dependent bactericidal 
action such that as the concentration of the drug in 
the serum increases, the rate and extent of bacte
rial killing increases. Because of this property, it 
is suggested that the optimal serum peak amino
glycoside concentration to bacterial MIC ratio is 
~ 10:1. It appears that bactericidal activity occurs 
in a biphasic fashion; initially, bacteria are killed 
at a very rapid rate in a concentration-dependent 
manner. After a time frame of approximately two 
hours, the rate of bacterial killing declines, which 
may be due to bacterial adaptive resistance. 
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7.75 hours after her last dose (8 AM]. The CW“, at
this time, at steady state, would also be expected to

be approximately 3.2 mg/L. We would need to hold

the regularly scheduled 4- PM dose for 8 hours, until

12 midnight, at which time we would then begin her

new dose of 60 mg every 12 hours.

The calculation of the time to hold a dose can

be illustrated [Figure 12-7] by plotting patient

SG's Cm, and Chum, values on semilog graph paper
and then extending the line connecting them until

it reaches our desired Ctrmligh of 1 rug/l... You can
then count the hours needed to reach this 1-mg/L

concentration and hold the dose accordingly.

Another. and often more practical, way to

estimate the time to hold a patient's dose is by

examining the half-life. By definition, the drug

concentration decreases by one-half over each

half-life. In the following paragraph, we can

then estimate how many drug half-lives to wait

for the concentration to approach our desired

1mg/L.

For patient 56 (trough of 3.2 mg/L and Tléof

4.6 hours], the concentration will drop to 1.6 mg/L

(half of 3.2) in one half-life of 4.6 hours and then

drop to 0.8 mgfl. {half of 1.6] in another 4.6 hours.

Therefore, we can hold patient SG's doses for

approximately two half-lives (4.6 x 2 = 9.2 hours]

before beginning our new dose.

In patient SG’s case, another dose was given

from B to 9 AM, after the Cmgh of 3.2 was obtained
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Calculation of the time to hold a dose.

at 7:55 AM. Therefore, her next Clmugh will occur at
approximately 3:45 Piu- [shortly before the next

scheduled close). We need to hold this dose for an

additional 9.2 [round to 9] hours and then begin

our new regimen of 60 mg every 12 hours.

Extended-Interval

Aminoglycoside Dosing

An alternative method to conventional dosing of

aminoglycosides is extended-intervai dosing—admin-

istering large doses over extended intervals [24, 36,

or 4-8 hours] based on the patient's renal function.

The theory behind this approach is that administering

large doses produces higher peak serum concentra-

tions than achieved with conventional dosing and,

thus, increases the peak serum concentration to

bacterial minimum inhibitory concentration {MIC}

ratio [Peak/MIC].

Additionally, administering drug at an extended

interval creates an aminoglycoside-free period

that reduces accumulation of aminoglycoside in

tissues such as the inner ear and kidney, resulting

in decreased drug-related toxicity. it is known that

uptake of aminoglycosides by tissues is a saturable

process. Administering smaller doses at a more

frequent interval does not saturate this process and

ultimately leads to higher tissue concentrations than

those achieved with extended interval dosing. Thus,

this latter dosing method may actually result in less

toxicity to the patient. This drug-free interval may also

decrease the development ofadaptive resistance.

Several characteristics of aminoglycosides as

a class enable these drugs to be administered by

the extended-interval method. Aminoglycosides

demonstrate concentration-dependent bactericidal

action such that as the concentration of the drug in

the serum increases, the rate and extent of bacte-

rial killing increases. Because of this property, it

is suggested that the optimal serum peak amino-

glycoside concentration to bacterial MIC ratio is

2 10:1. It appears that bactericidal activity occurs

in a biphasic fashion; initially, bacteria are killed

at a very rapid rate in a concentration-dependent

manner. After a time frame of approximately two

hours, the rate of bacterial killing declines, which

may be due to bacterial adaptive resistance.
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Aminoglycosides also exhibit a long post
antibiotic effect (PAE) of approximately 4 to 6 hours. 
Post-antibiotic effect is defined as the amount of 
time that drug concentration falls below the MIC 
before regrowth of the bacteria resumes.6

·
7
·
8 PAE 

is generally thought to increase with high peak 
concentrations of aminoglycosides. 

A third characteristic of aminoglycosides that 
support extended-interval dosing is a decrease in 
the development of adaptive resistance. Adaptive 
resistance results in decreased efficacy of an anti
biotic and the emergence of resistant organisms. 
It is a reversible process if a sufficient drug-free 
interval between doses is allowed.9 

Situations in which extended interval amino
glycoside dosing probably should NOT be used 
include pregnancy, ascites or significant third 
spacing, hemodynamic instability, unstable renal 
function (CrCl < 20 mL/min), and burns> 20%. 

Numerous methods have been proposed for 
extended-interval amino glycoside dosing and moni
toring. Several of these methods are presented here. 

Method 1 
The20 13 Sanford Guide toAntimicrobial Therapy5•

10 

recommends that for gentamicin and to bramycin, 
the dose in patients with a CrCl > 80 mL/min is 
5.1 mgjkg (7 mgjkg for seriously ill patients) 
every 24 hours, and for amikacin, 15 mgjkg 

every 24 hours. A patient's IBW is used in these 
calculations unless actual weight exc4!eds ideal 
weight by~ 30%. In this case, an AdjBW is used 

Lesson 12 1 Aminoglycosides 

[Equation 9-3: AdjBW = IBW + (0.4 x (TBW-IBW).] 
Goal serum peak concentrations from thes~ doses 
are 16-24 mcgjmL and 56-64 mcgjmL for genta
micinjtobramycin and amikacin, respectively. 
Expected trough levels for all three drugs are 
< 1 mcgjmL. Table 12-3 lists recommended doses 
in patients with a reduced CrCP0 

Method 2 
A second method of extended-interval aminoglycoside 
dosing consists of administering a dose of 7 mgjkg of 
gentamicin or tobramycin at an interval based on 
the patient's CrCl ~ 60 mL/min, every 24 hours; 
40 to 59 mL/min, every 36 hours; 20 to 39 mL/min, 
every 48 hours. For patients with a CrCl < 20 mL/min, 
it is recommended to monitor serial serum concen
trations and administer a subsequent dose once the 
serum level is < 1 mcgjmL. With the first dose, a 6- to 
14-hour post infusion serum level is measured and 
plotted on the Hartford nomogram (Figure 12-8) to 
determine if the dosage interval should be altered 
for future doses.8 

Method 3 
The American Society of Health-System Pharmacists 
(ASHP) recommends initial doses of 7 mgjkg genta
micin or tobramycin and 15 mgjkg amikacinP This 
dose is based on the patient's IBW unless their actual 
weight is 20% over the ideal weight In this situation, 
the adjBW should be used. Suggested dosage intervals 
are as follows: for CrCl > 60 mL/min, every 24 hours; 
for CrCl40 to 60 mL/min, a single dose; and for CrCl 

TABLE 12-3. Recommended Extended-Interval Dosing in Patients with Declining Renal Function10 

Creatinine Clearance Gentamicin/Tobramycin Amikacin 

80-60 mUmin 4 mg/kg every 24 hours 12 mg/kg every 24 hours 

60-40 mUmin 3.5 mg/kg every 24 hours 7.5 mg/kg every 24 hours 

40-30 mUmin 2.5 mg/kg every 24 hours 4 mg/kg every 24 hours 

30-20 mUmin 4 mg/kg every 48 hours 7.5 mg/kg every 48 hours 

20-10 mUmin 3 mg/kg every 48 hours 4 mg/kg every 48 hours 

< 10 mUmin 2 mg/kg every 72 hours* 3 mg/kg every 72 hours* 

*For patients receiving dialysis, these doses should be administered after dialysis. 

Source: The Sanford Guide to Antimicrobial Therapy, 43rd ed. Sperryville, VA: Antimicrobial Therapy, Inc.; 2013. p. 205. 

197 

Opiant Exhibit 2059 
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc. 

IPR2019-00685 
Page 205

Aminoglycosides also exhibit a long post

antibiotic effect [FAB] of approximately 4- to 6 hours.

Post-antibiotic effect is defined as the amount of

time that drug concentration falls below the MIC

before regrowth of the bacteria resurnes."’-m PAE

is generally thought to increase with high peak

concentrations of aminoglycosides.

A third characteristic of aminoglycosides that

support extended-interval dosing is a decrease in

the development of adaptive resistance. Adaptive

resistance results in decreased efficacy of an anti-

biotic and the emergence of resistant organisms.

It is a reversible process if a sufficient drug-free
interval between doses is allowed]3

Situations in which extended interval amino-

glycoside dosing probably should NOT be used

include pregnancy, ascites or significant third

Spacing, hemodynamic instability. unstable renal

function (CrCl < 20 mL/min}, and burns > 20%.

Numerous methods have been proposed for

extended-interval aminoglycoside dosing and moni-

toring. Several of these methods are presented here.

Method 1

Theihfii3Soni'ordGuicietoziintirnr'crobioi'i'i‘ir-zrrrpy5-In

recommends that for gentamicin and tobramycln.

the dose in patients with a CrCl : 80 mL/min is

5.1 mg/kg [7 rug/kg for seriously ill patients]

every 24 hours, and for amikacin, 15 mg/kg

every 24- hours. A patient’s IBW is used in these

calculations unless actual weight exceeds ideal

weight by 2 30%. In this case, an AijW is used

Lesson 12 | Aminoglycosides

[Equation 9-3: AijW = lBW + [0.4- x [TBW-IBW].}

Goal serum peak concentrations from these doses

are 16~24 meg/ml. and 56—64 mcg/ml. for genta-

micin/tobramycin and amikacin, respectively.

Expected trough levels for all three drugs are

c 1 mcg/mL. Table 12-3 lists recommended doses

in patients with a reduced CrCi.m

Method 2

A second method of extended-interval aminoglycoside

closing consists of administering a dose of 7 mg/kg of

gentamicin or tobramycin at an interval based on

the patient’s CrCl a 60 mL/min, every 24 hours;

4-0 to 59 mL/min, every 36 hours; 20 to 39 mL/min,

every 48 hours. For patients with a CrCl < 20 mL/min,
it is recommended to monitor serial serum concen-

trations and administer a subsequent dose once the

serum level is < 1 mcg/mL. With the first dose, a 6- to

14-hour post infusion serum level is measured and

plotted on the Hartford nomogram (Figure 12—8] to

determine if the dosage interval should be altered
for future doses.H

Method 3

The American Society of Health-System Pharmacists

{ASHPJ recommends initial doses of 7 mgfkg genta-

micin or tobramycin and 15 ring/kg amikacin.” This

dose is based on the patients IBW unless their actual

weight is 20% over the ideal weight In this situation,

the aijW should be used. Suggested dosage intervals

are as follows: for CrCl 2» 60 mL/min, every 24 hours;

for CrCl 40 to 60 mL/min, a single dose; and for CrCl

TABLE 12-3. Recommended Extended-Interval Dosing in Patients with Declining Renal Function” 

Creatinine Clearance

80-60 mUmin 4 mgrkg every 24 hours

60—40 mUmln 3.5 mg/kg every 24 hours

40-30 mUmln 2.5 morkg every 24 hours

30—20 mLirnin 4 mgikg every 48 hours

Eli—i 0 mUrnin 3 mgrkg every 48 hours

< 10 rnUrnln 2 mgrkg every Y2 hours‘

Bentamiclnflohramycin Amikaeln

12 mgrkg every 24 hours

7.5 mgikg every 24 hours

4 rngikg every 24 hours

7.5 roofing every 48 hours

4 mgikg every 48 hours

3 mgikg every 72 hours“

'For patients receiving dialysis. these dosas should be administered after dialysis.

Source: The Sanford Guide to Antimicrobial Therapy. 43rd ed. Sperryville. VA: Antimicrobial Therapy. Inc: 2013. p. 205. 

Opiant Exhibit 2059
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc.

lPR2019—00685

Page 205



198 
Concepts in Clinical Pharmacokinetics 

14 
13 
12 
11 
10 

~ 

............ 

!--

............ 
............ 

............ q480 -...:... ............. 
::_--......_ ............ 

--- q36h ............ ............. 

-----
............. ............ -- ............ ............. 

9 
8 
7 
6 
5 
4 
3 
2 
1 
0 

q24n -- ............. ........... 

-----
--........_ __ ........... 

--
6 7 8 9 10 11 12 13 14 15 16 

Time between start of infusion and sample draw (hr) 

FIGURE 12-8. 
Hartford once-daily aminoglycoside adjustment nomogram 
(gentamicin or tobramycin, 7 mg/kg). 

Source: Reproduced with permission from Nicolau DP, 
Freeman CD, Belliveau PP, et al. Experience with a once-daily 
aminoglycoside program administered to 2,184 adult patients. 
Antimicrob Agents Chemother 1995;39(3):650-5. 

< 40 mL/min, a single dose. Obtain a random serum 
concentration 6 to 12 hours after the first dose 
and plot the results on an established nomogram 
such as the Hartford nomogram to determine the 
appropriate dosage interval. For patients receiving 
amikacin, divide the serum concentration by 2 and 
plot this value on the nomogram. The serum concen
trations may also be interpreted in light of MIC data 
if available. Serum levels should be monitored peri
odically for patients receiving prolonged therapy 
(> 7 to 10 days) and in patients with unstable renal 
function. Desired peak serum concentrations with 
these regimens are a value of 10 to 12 times the MIC 
of the infecting organism. Desired trough levels are 
< 1 mcgjmL for gentamicin and tobramycin and 
< 7 mcgjmL for amikacin. 

Method 4 

A modification of the ASHP method consists of 
administering an initial gentamicin or tobramycin 
dose of 7 mgjkg, or 5 mgjkg for urinary track infec
tions, or 15 mgjkg amikacin followed by measuring 
a serum concentration 6 to 14 hours after the start 
of the infusion.12 CPP· ?-aJ This measured value is then 
plotted on the Hartford nomogram, and the dosing 
interval is determined. Because this nomogram 

is based on a dose of 7 mgjkg, if a smaller dose is 
administered, the measured serum level should be 
multiplied by a factor equal to 7 divided by the dose 
given. For example, if a patient is being treated with 
the 5 mgjkg dose, 7 divided by 5 equals 1.4, which 
is then multiplied by the measured serum concen
tration. This product is plotted on the Hartford 
nomogram. For amikacin serum concentrations, 
plot one-half the measured concentration on the 
nomogram. In situations in which the measured, or 
adjusted, value falls on one of the three lines, choose 
the longer interval for administering future doses. 
Body weight used for these dosage calculations is 
the patient's actual weight. In cases in which the 
patient's actual weight is > 20% over their IBW, 
the AdjBW should be calculated and used in deter
mining the dose. Initial dosing intervals are as 
follows: for CrCl > 60 mL/min, every 24 hours; for 
CrCl 40-59 mLjmin, every 36 hours; and for CrCl 
20-39 mL/min, every 48 hours. If estimated CrCl is 
< 20 mLjmin, do not use extended interval, amino
glycoside dosing. 

Method 5 

An alternative method to those described above 
consists of using traditional or conventional dosing 
equations ~r calculating extended-interval doses. 
Goal serum peak and trough concentrations utilized 
should be 20 to 30 mcgjmL and < 1 mcgjmL, respec
tively, for gentamicin and tobramycin. A minimum 
dosing interval of24 hours is selected; increases in this 
value should be used in cases of declining renal func
tion. The same equations for estimating K, V, dosing 
interval, and calculating the maintenance dose as used 
in traditional dosing methods are then applied. 

Method 6 

A sixth method is one that may be used in the treat
ment of patients with cystic fibrosis. 12 CPP·12- 14l An 
initial dose of 10 mgjkg tobramycin or 20 mgjkg 
amikacin is administered over a one-hour interval. 
Dosing weight is as described for Method 4. Serum 
levels are drawn 1 and 5 hours after the end of the 
infusion. From these two levels, one may calcu
late the patient's elimination rate and half-life. For 
patients with a half-life between 2 and 4 hours, 
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administer the drug every 24 hours; for serum half
lives > 4 to 6 hours, administer every 36 hours; 
for half-lives > 6 to 8 hours, give every 48 hours. If 
calculated half-life is > 8 hours, convert the patient 
to traditional dosing. If the calculated half-life is 
< 2 hours, consider changing the patient to tobramycin 
7 mgjkg every 12 hours, or amikacin 15 mgjkg every 
12 hours. For these latter two regimens, consider 
monitoring half-life from serum levels to verify that 
the patient's half-life remains< 2 hours. 

CASE5 
JK is a 53-year-old male chronic smoker 
admitted to the hospital for exacerbation of his 
chronic obstructive pulmonary disease (COPD). 
Chest x-ray demonstrates bilateral lower lobe 
infiltration. Based on his past history, he is 
suspected of having Pseudomonas aeFtJginosa 
pneumonia. He is 5' 1 0" tall and weighs 170 lbs. 
His admission serum creatinine is 1.07 mg/dl. 

ldiU#)II .. 't4.1 Calculate an extended-interval dose of 
tobramycin for this patient according to the Sanford 
Guidelines. 

The first step in solving this problem is to determine 
JK's creatinine clearance. Using the Cockcroft-Gault 
equation, we can determine this to be 82 mL/min. 

CrCI = (140- age)IBW 
72 x SCr 

=82 mUmin 

Because Pseudomonas aeruginosa pneumonia is a 
serious infection, according to the Guidelines, we 
should administer 7 mgjkg tobramycin times his 
IBW of72.73 kg every 24 hours. This results in a dose 
of 509 mg (round off to 510 mg) every 24 hours. 

Lesson 12 I Aminoglycosides 

Problem 58. According to the Sanford Guidelines, 
in critically ill patients, a peak serum concentration 
should be drawn on the first dose of the amino
glycoside. The laboratory reports that JK has a 
peak serum tobramycin level of 23.2 mcgjmL. A serum 
trough level is also drawn and is reported as 0.8 mcgjmL. 
Based on these peak and trough levels, should JK's 
tobramycin dose be changed? 

The Sanford Guidelines state that serum peak tobra
mycin levels should be between 16 and 24 mcgjmL 
and trough levels should be< 1 mcgjmL. JK's values 
are within these ranges; therefore, no changes in his 
dose are necessary at this time. 

CASE6 
AM is a 32-year-old male with a soft tissue 
infection in need of gentamicin therapy. He is 6' 
2" tall and weighs 180 lbs. His current serum 
creatinine is 0.85 mg/dl. 

Problem 6A. Calculate an extended interval genta
micin dose for AM using the Hartford nomogram 
method. 

Using the Cockcroft-Gault equation we can deter
mine that AM's creatinine clearance is 123 mL/min. 

CrCI = (140- age)IBW 
72 x SCr 

~I • • • 
notice that a serum creatinine 
of < 1 (i.e., 0.85) is rounded 
up to 1.00 for calculation 
purposes 

According to the Hartford nomogram method, he 
should receive 7 mgjkg every 24 hours: 

7 mg/kg x 82 kg = 57 4 mg (round to 570 mg) 
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administer the drug every 24 hours; for serum half-

lives > 4 to 6 hours, administer every 36 hours;

for half-lives > 6 to 8 hours, give every 48 hours. If

calculated half-life is > 8 hours, convert the patient

to traditional dosing. If the calculated half-life is

< 2 hours, consider changing the patientto tobramycin

7 mg/kg every 12 hours, or amikacin 15 mngg every

12 hours. For these latter two regimens, consider

monitoring half-life from serum levels to verify that

the patient's half-life remains < 2 hours.

CASE 5

JK is a 53-year-old male chronic smoker

admitted to the hospital for exacerbation of his

chronic obstructive pulmonary disease (COPD).

Chest x-rayr demonstrates bilateral lower lobe

infiltration. Based on his past history, he is

suspected of having Pseudomonas aemginosa

pneumonia. He is 5' 10” tall and weighs 1?0 lbs.

His admission serum creatinine is 1.07 mgidL.

 

Printiliasn-i 5A. Calculate an extended-interval dose of

tobramycin for this patient according to the Sanford
Guideiines.

 

The first step in solving this problem is to determine

[K’s creatinine clearance. Using the Cockcroft—Gault

equation, we can determine this to be 82 mL/min.

(140 — agetlBW

 

  
 

CrCi =
 72 x SCr note; It actual

"_"' weight is less
_ (140 — 53f7273\i than IBW, use.
_ 72 x 1 ‘07-“ actual weight

= 82 mUmin

Because Pseudomonas oeruginosu pneumonia is a

serious infection. according to the Guideiines, we

should administer 7 mg/kg tobramycin times his

IBW of72.73 kg every 24 hours. This results in a dose

of 509 mg [round ofito 510 mg] every 24 hours.

 P'r(:il":ilei"ri inEi'. According to the Sanford Guidelines,

in critically ill patients. a peak serum concentration
should be drawn on the first dose of the amino-

glycoside. The laboratory reports that ]K has a

peak serum tobramycin level of 23.2 mcg/mL. A serum

trough level is also drawn and is reported as 0.8 mcgij

Based on these peak and trough levels, should ”('5

tobramycin dose be changed?

The Sanford Guidelines state that serum peak tobra-

mycin levels should be between 16 and 24 mcg/mL

and trough levels should be < 1 mchmL. JK's values

are within these ranges; therefore, no changes in his

dose are necessary at this time.

 

CASE 6

AM is a 32-year-old male with a soft tissue

infection in need of gentamicin therapy. He is 6'

2" tall and weighs 180 lbs. His current serum

creatinine is 0.85 mgidL.
 

 F’!‘:.')li:-|i:.'—'.:'l'l't ea. Calculate an extended interval genta-

micin dose for AM using the Hartford nomogram
method.

Using the Cockcrofthault equation we can deter

mine that AM‘s creatinine clearance is 123 mL/min.

{140 — age)le

72x80

notice that ' r-

: {1 40 W 32182 {if-:1 1 ii.
?2 \100 _

=123 mum-in

CrCI:

According to the Hartford nomogram method, he

should receive 7 mg/kg every 24 hours:

? mgrkg x 82 kg = 5?4 mg (round to 570 mg)
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Problem 68. Eleven hours after the beginning of 
AM's therapy, a serum gentamicin level is drawn 
and reported as 2.5 mcgjmL. Should AM's genta
micin therapy be adjusted? 

Because an 11-hour post-dose level of 2.5 mcgjmL falls 
within the range for 24-hour dosing, AM's gentamicin 
therapy does not require adjustment at this time. 

Problem 6C. Calculate an extended-interval genta
micin dose for this patient using conventional or 
traditional dosing equations. 

Step 1. Round the CrCl of 123 mL/min to 
100mL/min. 

Step 2. Estimate the patient's elimination rate 
constant. 

K = 0.00293 x CrCI + 0.014 

= 0.00293 (1 00 mllmin) + 0.014 

= 0.307 hr -1 

Step 3. Estimate the patient's volume of distribution. 

V = 0.24 L/kg IBW 

= 0.24 L/kg X 82 kg 

=19.7L 

Step 4. Choose a desired steady-state peak serum 
concentration. 

• The recommended range is 20 to 30 mcgjmL. ' 

• For illustration purposes, we will choose 
25 mcgjmL. 

Step 5. Choose a desired steady-state trough serum 
concentration. 

• The recommended value is < 1 mcgjmL. 

• For illustration purposes, we will choose 
0.9 mcgjmL. 

Step 6. Calculate a desired dosing interval. 
• Because this method of dosing is extended 

interval, a minimum dosing interval of 24 
hours should be used. This step is to deter
mine if a patient should receive a dose at a 
36- or 48-hour interval. 

"C = -1/K x (In trough- In peak)+ t 

= -1/0.307 x (In 0.9- In 25) + 1 

= 12 hours, which we will round up to 
24 hours 

Step 7. Calculate a maintenance dose to give the 
desired peak and trough concentrations. 

K (1-e-k1) c =~0----~ 
peak(steady state) VK (1- e -k• ) 

K (1- e - o.3o7(1) ) 

25 mcg/ml = ------'0!...:...._-.,-----__.:._;:-;:;:::;-;;:-:-;-

19.7 L x 0.30T1(1-e-0307
(
24l) 

K0 = 572 mg q 24 hours (round to 570 mg) 

CASE? 
A 72-year-old female, AC, is involved in a motor 
vehicle accident resulting in multiple injuries. She 
undergoes surgical correction of her injuries and 
postoperatively is admitted to the intensive care unit 
requiring mechanical ventilation. On hospital day 
4, her chest X-ray worsens and sputum cultures 
isolate E. coli sensitive to amikacin. Renal function 
has remained stable with a serum creatinine of 
0.67 mg/dl. She is 5' 4" tall and weighs 130 lbs. 

IM!1(#)1ik4t This case represents an example of a 
hospital-acquired, or nosocomial, infection. Calcu
late an appropriate dose of amikacin for AC using 
the ASHP suggested method. 

The first step in solving this problem is to calculate 
her CrCI. 

CrCI = 0.85 (140- age)IBW 
72 x SCr 

=44 mUmin 
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 Pn-ii-iiiaan-i iii-F3. Eleven hours after the beginning of

AM’s therapy, a serum gentamicin level is drawn

and reported as 2.5 mcg/mL. Should AM’s genta-

micin therapy be adjusted?

Because an 1 1-hour post—dose level of 2.5 mcg/mL falls

within the range for 24-hour dosing, AM’s gentamicin

therapy does not require adjustment at this time.

F'l'CllI"i|E'_".l "I i H II} .
Calculate an extended-interval genta-

micin dose for this patient using conventional or

traditional dosing equations.

Step 1. Round the CrCl of123 mL/min to

100 mL/min.

Step 2. Estimate the patient's elimination rate
constant.

K = 0.00293 x CrCl + 0.014

= 0.00293 (100 mUmin) + 0.014

= 0.30? hr—1

Step 3. Estimate the patient’s volume ofdistribution.

[/2 0.24 ng lB‘v'l‘r

=024Lngx82kg

=1orL

Step 4. Choose a desired steady~state peak serum
concentration.

- The recommended range is 20 to 30 mcg/mL.’

- For illustration purposes, we will choose

25 mcg/mL.

Step 5. Choose a desired steady-state trough serum
concentration.

- The recommended value is < 1 mcg/mL.

- For illustration purposes, we will choose

0.9 mcg/rnL.

Step 6. Calculate a desired dosing interval.

- Because this method of dosing is extended

interval, a minimum dosing interval of 24

hours should he used. This step is to deter-

mine if a patient should receive a dose at a
36— or 48~hour interval.

1? : 4in {In trough — In peak) + i‘

: 40.307 x (in 0.9 — In 25) +1

2 12 hours, which we will round up to
24 hours

Step '7. Calculate a maintenance dose to give the

desired peak and trough concentrations.

K00 — e‘”)
Cpeekisleady stale: =m

KD(1_e—fl.30?(l])25 m0 me :——
Q 19.? L x 0.30?"(1_e-0.3on24;)

itD = 5?2 mg q 24 hours (round to 5?0 mg)

 

CASE 7

A 72-year-old female, A0, is involved in a motor

vehicle accident resulting in multiple injuries. She

undergoes surgical correction of her injuries and

postoperatively is admitted to the intensive care unit

requiring mechanical ventilation. 0n hospital dayr

4. her chest X-ray worsens and sputum cultures
Isolate E. coli sensitive to amikacin. Renal function

has remained stable with a serum creatinine of

0.67 mg/dL. She is 5' 4" tall and weighs 130 lbs.

 
 Pi'-:::.iI-;ul»:e:srr-. This case represents an example of a

hospital-acquired, or nosocornial, infection. Calcu-

late an appropriate close of amikacin for AC using

the ASHP suggested method.

The first step in solving this problem is to calculate
her CrCl.

(140 ~ agellBW

F’2x SCr

:085040—7zste
72 too

= 44 mUmin

CrCI : 0.85
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According to the ASHP guidelines, she should 
receive 15 mg/kg as a single dose with a random 
serum level drawn 6 to 12 hours after this dose. 
She receives an initial dose of 15 mgjkg x 54.6 kg = 
819 mg (rounded to 820 mg). 

Problem 78. Ten hours after receiving her initial 
dose, a random amikacin level is 14 mcgjmL. Calcu
late an appropriate amikacin dosing interval for this 
patient. 

According to the ASHP guidelines, amikacin levels 
from an extended-interval dose are to be interpreted 
using an established nomogram. If we use the Hart
ford nomogram to make this interpretation, it is 
necessary to divide the reported amikacin level by 
2, and this number is then plotted on the nomogram 
(14 mcgjmL divided by 2 = 7 mcgjmL). Plotting 
this value on the nomogram demonstrates a dosing 
interval of every 36 hours. Therefore, this patient 
should receive amikacin 820 mg every 36 hours. 
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tesson 12 I Aminoglycosides

According to the ASHP guidelines, she should

receive 15 mg/kg as a single dose with a random
serum level drawn 6 to 12 hours after this dose.

She receives an initial dose of 15 mg/kgx 54.6 kg =

819 mg {rounded to 320 mg].

 PI'L'IIEIllir'i'l'l'l '.-E-‘. Ten hours after receiving her initial

dose. a random amikacin level is 14 mcg/mL. Calcu-

late an appropriate amikacin dosing interval for this

patient.

According to the ASHP guidelines. amikacin levels

from an extended-interval dose are to be interpreted

using an established nomogram. If we use the Hart-

ford nomogram to make this interpretation. it is

necessary to divide the reported amikacin level by

2. and this number is then plotted on the nomogram

[14 mog/mL divided by 2 = 7 meg/1111.]. Plotting

this value on the nomogram demonstrates a dosing

interval of every 36 hours. Therefore. this patient

should receive amikacin 820 mg every 36 hours.
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Concepts in Clinical Pharmacokinetics 
202 

Discussion Points 

1!1111 In Case 1, Problem 1A, suppose SG was 
admitted to the hospital with gram-negative 
pneumonia. How would your maintenance 
dose differ in this patient to achieve a c peak 

of 8 mg/L and a C trough of 1 mg/L? 

1JB How would your loading dose differ for 
patient SG in Discussion Point 1 to achieve 
an approximate peak plasma concentration 
of 8 mg/L? 

I!JB)J Steady-state peak and trough serum concen
trations achieved with the maintenance 
dose you calculated in Discussion Point 1 
were reported by the laboratory as peak = 
6.8 mgjL, and trough= 1.8 mg/L. Calculate a 
new maintenance dose that will give you the 
desired peak and trough concentrations of 
8 mg/L and 1 mgjL, respectively. 

1!191 Calculate an extended-interval amino
glycoside dose for SG for a diagnosis of 
gram-negative pneumonia. 
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LESSON 13 

Vancomycin 

In this lesson, Cases 1-4 focus on the antibiotic vancomycin. Before beginning, 
however, a few key points about vancomycin should be reviewed. Vancomycin 
is usually administered via intermittent intravenous infusions. For systemic 
infections, vancomycin is given only by the intravenous route; only this route 
is considered in this lesson. To minimize the occurrence of an adverse reaction 
called red-man syndrome, vancomycin doses greater than approximately 700 mg 
are commonly diluted in a larger volume of fluid (i.e., 250 mL) and infused over 
2 hours. Vancomycin is the drug of first choice for serious methicillin-resistant 
staphylococci infections and enterococci (group D streptococcus) . 

• Pharmacokinetically, vancomycin is an example of a two-compartment model, 
a concept that is discussed in Lesson 6. After intravenous administration, vanco
mycin displays a pronounced distribution phase (a phase) (Figure 13-1) while 
the drug equilibrates between plasma and tissues. During this initial distribution 
phase (1-3 hours), plasma drug concentrations are quite high. As the drug distrib
utes throughout the body, the plasma drug concentration declines rapidly over a 
short period. This biexponential elimination curve for vancomycin is an important 
consideration especially when evaluating peak plasma vancomycin concentration 
determinations. It is important not to obtain plasma drug concentrations during 
this initial distribution phase, as inaccurate pharmacokinetic calculations may 
result. 

Because of vancomycin's strange initial distribution phase, there is some confu
sion about the therapeutic values for peak and trough concentrations. Older data 
that suggested peak concentrations of 30-40 mg/L are wrong because they were 
sampled during this initially high distribution phase. Appropriately sampled peak 
concentrations were then suggested to be approximately 18-26 mg/L, whereas 
trough concentrations were suggested to be between 5 and 10 mgjL, except for 
enterococci, for which vancomycin is only bacteriostatic and required a trough of 
between 10 and 15 mg/L. 

More recently, a consensus review of vancomycin, Vancomycin Therapeutic 
Guidelines: A Summary of Consensus Recommendations from the Infectious Diseases 
Society of America, the American Society of Health-System Pharmacists, and the 
Society of Infectious Diseases Pharmacists, has presented the evidence for vanco
mycin toxicity and monitoring.1 They concluded vancomycin efficacy is best 
modeled as a total area under the drug concentration-time curve (i.e., concen
tration-independent killing) versus concentration-dependent older methods of 
using peak and trough concentrations to measure efficacy. The ratio of the area 
under the serum drug concentration versus time curve (AUC/MIC) is a common 
research lab method to measure efficacy. However, most clinical microbiology labs 
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FIGURE 13-1. 
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Typical plasma concentration versus time curve for 
vancomycin, demonstrating distribution and elimination 
phases. 

10 

cannot measure AUC/MIC for all pathogens so we 
rely on vancomycin trough concentrations that can 
be approximated from AUC/MIC measurements 
for both efficacy and to decrease development of 
resistance for organisms with a minimum inhibi
tory concentration (MIC) < 1. This research has 
led to a commonly used dosing method based on 
MIC. MIC < 1 mcg/L requires a vancomyci trough 
of 10 to 20 mg/L; an MIC of 1.0 requires a trough 
of 15 to 20 mg/L. They further recommend trough 
concentrations of 15 to 20 mg/L for complicated 
infections such as bacteremia, hospital-acquired 
pneumonia, endocarditis, meningitis, and osteo
myelitis. Unfortunately, this consensus paper also 
presents evidence for increasing nephrotoxicity 
associated with vancomycin trough concentrations 
> 15 mg/L, thus creating a dilemma between effi
cacy and toxicity. 

Although routine traditional vancomycin peak 
and trough level monitoring is often not neces-

sary, measuring both values may be useful to better 
determine both initial dose, dosing interval, and 
estimated trough in hemodynamically unstable 
patients with significant decreases in renal func
tion, in the elderly, and in those patients receiving 
concomitant nephrotoxic drugs. 

Population Estimates for Vancomycin 
Volume of Distribution ( V) and 
Elimination Rate Constant (K) 

Similar to the aminoglycoside cases in Lesson 12, 
there are two commonly used population param
eters to estimate V and K that can be used to 
determine an initial vancomycin dose. 

Although vancomycin volume of distribution can 
vary quite widely, a commonly used average volume 
of distribution for vancomycin is approximately 

iBJ11 0.9 L/kg total body weight (TBW) 

(Note that, unlike the aminoglycosides, it is recom
mended that TBW be used to calculate the volume of 
distribution.) 

Vancomycin is eliminated almost entirely by 
glomerular filtration. Therefore, a reduction in 
renal function results in a decreased vancomycin 
clearance and an increased half-life. The average 
vancomycin half-life for a patient with normal renal 
function is approximately 6 hours (K = 0.116 hr-1). 

One method of determining population estimates 
for the elimination rate constant (K) based on creat
inine clearance (CrCl) is: 

~ K = 0.00083 hr-1 [CrCI (in mUminute)] + 0.0044 

This equation, developed by Gary Matzke from 
regression analysis of vancomycin clearance versus 
creatinine clearance, has units of reciprocal hours, 
not milliliters per minute. In this type of equation, 
units are not supposed to cancel out; rather, they 
assume the units of the correlated value, K. 
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FIGURE 13-1.

Typical plasma concentration versus time curve for
vancomycin, demonstrating distribution and elimination
phases.
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tion, in the eiderly, and in those patients receiving

concomitant nephrotoxic drugs.

Population Estimates for Vancomycin

Volume of Distribution (V) and

Elimination Rate Constant (K)

Similar to the aminoglycoside cases in Lesson 12,

there are two commonly used popuiation param-
eters to estimate V and K that can be used to

determine an initial vancomycin dose.

Although vancomycin volume of distribution can

vary quite widely, a commonly used average volume

of distribution for vancomycin is approximately

m 0.9 Likg total body weight (TBW)

[Note that, unlike the aminoglycosides, it is recom-
mended that TBW be used to calculate the volume of

distribution.)

Vancomycin is eliminated almost entirely by

glomerular filtration. Therefore, a reduction in

renal function results in a decreased vancomycin

clearance and an increased half-life. The average

vancomycin half-life for a patient with normal renal

function is approximately 6 hours (K: 0.116 hr‘].

One method of determining population estimates

for the elimination rate constant (K) based on creat-

inine clearance [CrCl] is:

m K: 0.00083 hr“ [Grill (in er’miriUtefl + 0.0044

This equation, developed by Gary Matzke from

regression analysis of vancomycin clearance versus

creatinine clearance, has units of reciprocal hours,

not milliliters per minute. in this type of equation,

units are not supposed to cancel out; rather, they
assume the units of the correlated value, K.
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Time After Infusion (hr) 

Plasma concentration versus time curve for vancomycin, showing 
simplification with one-compartment model (dashed line). 

CASE1 
BW, a 42-year-old man, 5' 1 0" tall, weighing 
90 kg, is admitted to the hospital for a right 
colectomy because of colon cancer. Initially, 
he has normal renal function: serum creatinine 
concentration of 1.00 mg/dl. He subsequently 
developed a postoperative wound infection, 
which is treated with surgical drainage and an 
intravenous cephalosporin. 

Culture of the wound fluid reveals methicillin
resistant Staphylococcus aureus, with a 
vancomycin MIC < 1. Pharmacy is then consulted 
for vancomycin dosing for BW. 

Problem 1A. Determine an appropriate dosing 
regimen of vancomycin to achieve the desired steady
state plasma concentrations of 30 mg/L for the peak 
(drawn 2 hours after the end of a 2-hour infusion) 
and approximately 15 mg/L for the trough. How 
many doses are required to reach steady state? 

Several approaches are recommended for the calcu
lation of vancomycin dosages; one relatively simple 
method is presented here. With this method, we 

Lesson 13 I Vancomycin 

assume that the plasma concentrations during the 
elimination phase are more valuable for therapeutic 
drug monitoring than the relatively high, transient 
vancomycin concentrations of the distribution 
phase (the first 1-2 hours after the infusion). With 
this assumption, a one-compartment model can 
be used to estimate vancomycin dosage or plasma 
concentrations (Figure 13-2). We ignore the distri
bution phase. 

To calculate an initial vancomycin dose, given 
the desired plasma concentrations, we use popula
tion estimates for K and V to solve first for dosing 
interval and then dose, in a similar fashion to that 
done for the aminoglycosides, using the first-order 
one-compartment model equation below: 

K = 0.00083 hr-1 [CrCI (in ml/minute)] + 0.0044 

= 0.00083 (99) + ,0.0044 

= 0.087, therefore TJ2 = 0.693/0.087 

= 7.97 hours 

V = 0.9 L/kg x Total body weight (TBW) 

= (0.9)(90) 

= 81 liters 

rate of drug administration 
(mg/hr) % remaming after t hours 

C =@1-e-Kt~ 
peak( steady state) VK ( 1 - e-K 't )\(__} 

T = desired dosing interval, determined as follows: 

"C = -
1
-[ln C lrough(desiredl - In Cpeak(desired) ] + t + t' - K 

1 
= 1 [In 15 mg/L - In 30 mg/L ]+ 2 hr 

-0.087 hr-

205 

= 11 .97 hr, rounded up to 12 hr Note: Additional 2 l1r = • 
extra time from end 

(See Equation 5-1 and 

Equation 12-4.) 

of infusion until level 
is drawn. Compare to 
Equation 12-4. 
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colectomv because of colon cancer. Initially,
he has normal renal function: serum creatinine

concentration of 1.00 [119de. He subsequently

developed a postoperative wound infection,

which is treated with surgical drainage and an

= 81 liters
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. . —Ki

Intravenous cephalosporin. C =i it,3 line 69
Culture of the wound fluid reveals methicillin- “ea“m'jvs'am W(1 —o'Kt)
resistant Staphylococcus aureus, with a

vancomvcin MIC < 1. Pharmacy is then consulted

for vancomycin dosing for BW.
1 = desired dosing interval, determined as follows:

  
  F*i-r;:.~l':ilr::i"i"i 1A. Determine an appropriate dosing 1 ,

regimen ofvancomycin to achieve the desired steady- I 2 ID“ Clmuuhimsimdi ' I” Cmaktdemi] + f + l‘
state plasma concentrations of 30 trig/L for the peak

(drawn 2 hours after the end of a 2~hour infusion) : 1 [In 15 mgi’L _In 30 mgrLJ+2 lil'+@
and approximately 15 mg/L for the trough. How #0037 I‘ll"1
many doses are required to reach steady state?

2 11.9? hr, rounded up to 12 hr
Several approaches are recommended for the calcu-

lation ofvancomycin dosages; one relatively simple [See Equation 5-1 and

method is presented here. With this method, we Equation 12.4.] i=3Equation 12—4. 
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Concepts in Clinical Pharmacokinetics 

where: 

c peak(steadystate] = desired peak concentration 2 hours 
after infusion, 

K0 = drug infusion rate (dose/infusion 
time), 

t = duration of infusion (usually 
2 hours for vancomycin), 

K = estimated elimination rate constant 
(0.087 hr-1), 

V = volume of distribution (population 
estimate of 0.9 L/kg x 90 kg= 81 L), 

f = time between end of infusion and 
collection of blood sample (2 hours; 
inclusion off is different from the 
calculation for aminoglycosides 
[see Lesson 12] because sampling 
time for vancomycin is actually at 
least 4 hours after the beginning of 
the infusion), and 

T = desired dosing interval. 

These values are then put into the equation: 

K (1 e -o.o87 hr-' (2 hrl ) c = 0 - e-0.087 hr-1
(2 hr) 

peak(steady state) (81 L)(0 .087 hr-1 )(1- e-oo87 hr-'(12 hrl ) 

30m /L = Ko(0.16) (0.84) 
g (81 L)(0 .087 hr-1)(0 .648) 

K = (30 mg/L)(81 L)(0.087 hr-1}(0.648) 
0 .. (0.16)(0.84) 

=- 1 019 mg vancomycin per 1 hr 

(to be infused over 2 hours) 

Because vancomycin is infused over 2 hours, 

total dose = (1 019 mg/hr)(2 hr) 

= 2039 mg (round to 2000 mg) 
vancomycin over 2 hr 

With this regimen, we can then predict the 
vancomycin plasma concentration at the end of the 
dosing interval (trough): 

!" C - Kt" iJ!B vtrough = peak(steady state)e 

where t" = T - t- t' 

(See Equation 3-2.) 

where f ' is the difference in time between the two 
plasma concentrations. In this case, f ' equals T 

(12 hours)- t (2 hours)- f (2 hours), or 8 hours. 

c = 30 mg/L e(-o.o87 hr-1)(8 hrl trough 

= 30 mg/L (0 .499) 

= 14.95 mg/L 

So the regimen should result in the desired plasma 
concentrations of 30 mg/L and approximately 

15 mg/L. 

The number of doses required to attain steady 
state can be calculated from the estimated half-life 
and the dosing interval. Steady state is attained 
in three to five half-lives. In patient BW's case, we 
will use three half-lives and our estimated K of 
0.087 hr-1 in our calculations as follows: 

time to steady state= 5 x T h 

T h = 0.693 
K 

time to steady state= 5 x T h 
= 5 x 0.693 

0.087 hr-1 

= 5(7.97 hr) 

= 39.85 hr 

If doses are given every 12 hours, then steady state 
should be achieved by administration of the fourth 
dose (by the end of the third dosing interval). 
Remember that doses would be given at 0, 12, 24, 
and 36 hours. 

Problem 18. To achieve the desired concentrations 
rapidly, a loading dose can be given. Determine an 
appropriate loading dose for patient BW Assume that 
the loading dose will be a 2-hour intravenous infusion. 

To estimate a loading dose, we need to know the 
volume of distribution and the elimination rate 
constant. Because we do not know the patient
specific pharmacokinetic values, the population 
estimates can be used (V of 0.9 Ljkg TBW [see 
Equation 13-1) and K of 0.087 hr -1 as previously 
determined [see Equation 13-2]). Then the equation 
as shown in Lesson 5 describing plasma concen-
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where:

CWislea‘imgfi desired peak concentration 2 hours
after infusion.

Ku drug infusion rate (dose/infusion

time),

duration ofinfusion [usually

2 hours for vancomycin],

estimated elimination rate constant

(0.087 hr"),

volume of distribution [population

estimate of0.9 L/kg x 90 kg = 81 L),

time between end ofinfusion and

collection ofblood sample [2 hours;
inclusion of t’ is different from the

calculation for aminoglycosides

[see Lesson 12] because sampling

time for vancomycin is actually at

least 4 hours after the beginning of

the infusion], and

3:
l1

1: = desired dosing interval.

These values are the“ Put into the equation:

K (1_ 3-000? is" '12 m)—”__—___._.

(81 LHUDB? hr "}(1_e'“-Dflirv":lam)

«40.15)

{31 L)(0.08? hr")(0.648)

8—1105? II ":9 hnCbemused siaiElI =

30 mgi'L = (0.84)

 
= (30 mgi’L}(81 L)(0.08?' hr")(0.648)

K” - (0.15)(0.84)

=~1019 mg vancomycin per 1 hi

(to be infused over 2 hours}

Because vancomycin is infused over 2 hours,

total dose = (1019 mgihruz hr)

= 2039 mg (round to 2000 mg)

vancomycin over 2 hr

With this regimen. we can then predict the

vancomycin plasma concentration at the end of the

dosing interval (trough):

 
_ —Ki"

Clrough — Cpeaktneatly staleie

where t" = — t — t‘

[See Equation 3-2.]

where t” is the difference in time between the two

plasma concentrations. In this case, t” equals T

[12 hours] — t [2 hours] - t’ [2 hours], or 8 hours.

Cilough = 30 mgfL etfl-nflthr‘ienn

= 30 mg/L (0.499)

= 14.95 mgi’L

5° the regimen should result in the desired plasma

concentrations of 30 mg/L and approximately

15 mg/L.

The number of doses required to attain steady
state can be calculated from the estimated half-life

and the dosing interval. Steady state is attained

in three to five half-lives. In patient BW's case, we
will use three half-lives and our estimated K of

0.087 hr" in our calculations as follows:

time to steady state = 5 x T%

0.693

”4‘7

time to steady state 2 5 x 1%,

x 0.593
0.08? hr"

= 5(797 hr)

= 39.85 hr

If doses are given every 12 hours, then steady state

should be achieved by administration of the fourth

dose [by the end of the third dosing interval}.

Remember that doses would be given at 0, 12. 24.
and 36 hours.

To achieve the desired concentrations

rapidly, a loading dose can be given. Determine an

appropriate loading dose for patient BW. Assume that

the loading dose will be a 2-hour intravenous infusion.

l—li'IZ"IIl'Jl-Ei'i'i 'I 1E].
 

To estimate a loading dose, we need to know the
volume of distribution and the elimination rate

constant. Because we do not know the patient-

specific pharmacokinetic values, the population

estimates can be used [V of 0.9 L/kg TBW [see

Equation 13—1] and K of 0.087 hr‘1 as previously

determined [see Equation 132]). Then the equation

as shown in Lesson 5 describing plasma concen-
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tration over time with an intravenous infusion is 
applied. Note that again we ignore the distribution 
phase and assume that a one-compartment model is 
adequate (Figure 13-3): 

C X aft (1 - Kt - Kt' 
peak desired = VK - e )e 

(See Equation 13-3.) 

where: 

c peak(steady state) = desired peak plasma concentration 
2 hours after infusion, 

X0 = dose (note: X0/t = K0) , 

t = duration of infusion (2 hours), 

K = 0.087 hr -I, 

V = 81 L, and 

t' = time after end of infusion (2 hours). 

Note that the term e - Kt' describes the decline in 
plasma concentration from the end of the infusion 
to some later time (2 hours in this example). Then, 
insertion of the known values gives: 

(X 12 h )(1 -0.067 hr- 1(2 hr ) } 
30 m /L = o r - e e-oo67 hr- '(2 hrl 

g (81 L)(0.087 hr-1
) 

= (X0 12 hr}(0.16) (0.84) 
(7.05 Uhr) 

= 3147 mg vancomycin , which may be rounded to 

3000 given over 2 or 3 hours 

Clinical Correlate 

Note that although the calculated loading dose 
is 3147 mg, many clinicians would choose to 
either infuse this over more than 2 hours, or 
give this loading dose as two doses about 4 to 
6 hours apart to minimize potential vancomycin 
infusion reactions such as red-man syndrome. 
Also, note how this calculated loading dose 
compares to the easier method of using 25 to 
30 mg/kg TBW. 

Lesson 13 I Vancomycin 
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Time After Start of Infusion (hr) 

FIGURE 13-3. 
Plasma concentrations over time for a loading dose. Dashed 
line represents simplification to one-compartment model. 

' 
Clinical Correlate 

Close observation of Figure 13-3 confirms that 
we are not actually measuring a true peak 
concentration, as we did for aminoglycosides. 
We are, rather, measuring a 2-hour postpeak 
concentration that places this point on the straight
line portion of the terminal elimination phase. 

Problem IC. After administration of the loading 
dose and seven doses (1500 mg each) at 12-hour 
intervals, plasma vancomycin concentrations are 
determined to be 42 mg/L (2 hours after the end of 
the 2-hour infusion) and 22 mg/L at the end of the 
dosing interval. Calculate a new dose for BW (this 
time using actual patient-specific K and V) to attain 
the original target peak and trough concentrations 
(30 mg/L and 15 mg/L, respectively). 

The information needed to determine a new dosing 
regimen is the same as described in Problem 1A. 
However, because we now have data about this 
specific patient, we no longer have to rely on popu
lation estimates. To begin, we should calculate the 
patient's vancomycin elimination rate constant, 
half-life, and volume of distribution from the plasma 
concentrations determined. 
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tration over time with an intravenous infusion is

applied. Note that again we ignore the distribution

phase and assume that a one-compartment model is

adequate [Figure 13-3]:

he
mow—W(cane-“i

[See Equation 13-3.]

where:

Cpcaktmadymm] — desired peak plasma concentration
2 hours after infusion,

dose (note: XD/t = Kg).

t 2 duration ofinfusion [2 hours). 0 1 Time Affer Startfioi lntugion (hr;lo
K = 0.087 hr",

V

t'

PlasmaDrugConcentration(mgiL) {Inscale] 
Xo

 
= 81 L, and FIGURE 13-3.

Plasma concentrations over time lor a loading dose. Dashed
line represents simplification lo one-compartment model.

Note that the term e'K“ describes the decline in I

plasma concentration from the end of the infusion . .
to some later time (2 hours in this example]. Then, Cili'ilcal Correlate
insertion ofthe known values gives:

= time after end ofinfusion (2 hours].

 

Close observation of Figure 13-3 confirms that

we are not actually measuring a true peak
(X0)? hi)“ —8_0W nr":2hri) 4103? We in ‘ ' ' '

30 mgi’L :__...___]e r concentration. as we did for aminoglycondes.
(Bi Lilo-037 hi i We are, rather, measuring a 2-hour postpeak

 t-lnle: rm,- 2 i-.-. from concentration that places this point on the straight-  {Xoiz hr)(0.16}

    
  
  

 
   

=_._—(0_34} l 1;] the :4- line portion of the terminal elimination phase.
{7'05 Ul'll’} i' i.:nrnpn|n_2nl m

- inrli ing iii

(30 mgi’L}(?.05 Ulll'i(2 hr) loading (ll _

X0 = (0 84)“) 16) "WEE”; _ F—‘rcaizilei'ri it; After administration of the loading
‘ ’ dose and seven doses [1500 mg each) at 12-hour

= 314? mg vancornycin. which may be rounded to intervals. plasma vancomycin concentrations are

3000 given over 2 or 3 hours determined to be 42 mg/L [2 hours after the end of
the 2-hour infusion] and 22 mg/L at the end of the

dosing interval. Calculate a new dose for BW (this

Clinical correlate time using actual patient-specific Kand V) to attain
the original target peak and trough concentrations

{30 mg/L and 15 mg/L, respectively).

 

Note that although the calculated loading dose

is 3147 mg, many clinicians would choose to

either infuse this over more than 2 hours, or The information needed to determine a new dosing

give this loading dose as two doses about 4 t0 regimen is the same as described in Problem In.
6 hours apart to minimize potential vancomycin However: because we “'3’” have data abou‘ this
infusion reactions such as red-man syndrome. 5139“”: Patient: we "0 longer have to “fly 0“ Poi’u'
Also, note how this calculated loading dose lation estimates. To begin, We Should calculate the
compares to the easier method of using 25 t0 patient's vancomycin elimination rate constant.
30 mgi'kg TBW. half-life, and volume ofdistribution from the plasma
__—___—_ concentrations determined.
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FIGURE 13-4. 
Calculation of elimination rate constant given two plasma 
concentrations (42 mg/L at 2 hours after the infusion and 
22 mg/L at 10 hours after the end of a 2-hour infusion). 

Calculation of K 

12 

First, the elimination rate constant (K) is easily 
calculated from the slope of the plasma drug 
concentration versus time curve during the elimina
tion phase (Figure 13-4) (see Lesson 3): 

' 

K =_In C2 -In C1 

t2- t1 

= 

In 22 mg/L -In 42 mg/L 
10 hr- 2 hr 

3.09-3.73 

8 hr 

= 0.08 hr-1 

(See Equation 3-1.) 

Clinical Correlate 
Be careful when selecting t2 and t1• In the above 
example, if dose one is begun at 8 AM and infused 
for 2 hours, then the patient would receive the 
entire dose by 1 0 AM. The peak plasma level 
would then be drawn 2 hours later, or 12 noon. 
Given that the trough concentration will be 
attained immediately before dose two (given at 
8 PM) , the total time elapsed between the plasma 
readings is 8 hours, or (t2 - t1). 

The half-life (T~) can then be calculated: 

T h= 0.693 
K 

(See Equation 3-3.) 

Calculation of V 

0.693 

0.08 hr-1 

= 8.66 hr 

Note that the elimination rate constant is lower, and 
the half-life is greater than originally estimated. Now 
the volume of distribution (V) can be estimated with 
the multiple-dose infusion equation for steady state: 

C = Ko(1-e-Kt) e-Kt' 
peak(steady state) VK (1- e-KT) 

(See Equation 13-3.) 

where: 

cpeak(steady state) = peak concentration 2 hours after 
infusion = 42 mgjL, 

K0 = maintenance dose (1500 mg over 
2 hours), 

t = duration of infusion (2 hours), 

t' = time between end of infusion and 
collection of blood sample (2 hours), 

K = elimination rate constant (0.08 hr-1
) , 

V = volume of distribution (to be 
determined), and 

T = dosing interval (12 hours). 

These values are then put into the equation: 

(1500 mg/2 hr)(1- e -0.08 hr-
1(2 hr) ) -c = e - 0.08 hr 

1
(2 hr) 

peak(steady state) v (0 .08 hr-1 )(1- e - 0 08 hr-1 (12 hr)) 

42 m /L = (1500 mg I 2 hr)(0.148) (0.85) 
g V(0.08 h(1)(0.617) 

Rearranging gives: 

V = (1500 mg/2 hr)(0 .148)(0.85) 
(0.08 hr-1)(0.617)(42 mg/L) 

= 45.5 Lor 0.51 Ukg 
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FIGURE 13-4.

Calculation oi elimination rate constant given two plasma
concentrations [42 mglL at 2 hours after the infusion and
22 mgfL at 10 hours atterthe end oi a 2-hour iniusion).

Calculation of K

First, the elimination rate constant [K] is easily

calculated from the slope of the plasma drug

concentration versus time curve during the elimina-

tion phase (Figure 13-4] [see Lesson 3]:

in (32 —lo C1

112 —l1

K:

_ In 22 mgfL —ln 42 mgfL
10 hr—2 hr

_309—373
8hr

= 0.08 hr“

(See Equation 3-1.]

 

Clinical Correlate

Be careful when selecting t2 and it. In the above

example, if dose one is begun at 8 AM and infused

for 2 hours. then the patient would receive the

entire dose by 10 AM. The peak plasma level

would then be drawn 2 hours later. or 12 noon.

Given that the trough concentration will be

attained immediately before dose two (given at

8 on}, the total time elapsed between the plasma

readings is 8 hours. or (t2 - 1;).
“

 
The half-life {795] can then be calculated:

0.693

T% = —K-

= 0.693
0.08 hr"1

= 866 hr

 

[See Equation 3-3.}

Calculation of V

Note that the elimination rate constant is lower, and

the half-life is greater than originally estimated. Now

the volume of distribution [V] can be estimated with

the multiple-dose infusion equation for steady state:

_ KOO—8"“)
e - Kl”

peaktsleadv stale] _ VKO _ 94(1)

[See Equation 13-3.]

where:

Cpeaktmdysme, = peak concentration 2 hours after
infusion = 42 mg/L,

K0 = maintenance dose (1500 mg over

2 hours],

duration ofinfusion [2 hours],
H- II

t' = time between end ofinfusion and

collection ofblood sample [2 hours],

K = elimination rate constant [0.08 hr"),

V = volume of distribution [to be

determined}. and

1.’ = dosing interval [12 hours].

These values are then put into the equation:

Cheettsteadv stale] ‘
WooehrUh—eaewvum)

{i 500 mg f2 hr)(0.1 48]Mme:
g V(0.08hr")(0.61?’) (0.85)

Rearranging gives:

_Eflflflmflfi&@
_ (0.08 hr"}(0.617)(42 mgl'L]

= 45.5 L0r 0.51 ng
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So the original estimate for the volume of distribu
tion was higher than the volume determined with 
the plasma concentrations. 

Calculation of New T 

Before calculating a new maintenance dose, we can 
first check to see if we need to use a new dosing 
interval, as follows: 

't desired = -
1
- [In ctrough(desired) -In c peak( desired) l + t + t I -K 

(See Equation 13-4.) 

where: 

t = duration of infusion (2 hours), 

t' = time after end of infusion (2 hours), and 

T = dosing interval, calculated as follows: 

1 
-r= - 0.0

8 
hr_1 (In 15 mg/L-In 30 mg/L)+2 hr+2 hr 

1 = 
1
{2.7-3.4)+4hr 

-0.08 hr-

= 12.66 hr 

Therefore, our best new dosing interval is approxi
mately 12 hours. 

Calculation of New K0 

C = Ko(1-e-Kr ) e-Kr 
peak (steady state) VK ( 1 - e-K T ) 

K (1 - 0.08 hr-1(2 hr) ) 
30 mg/L = o - 8 

8-o.o8 hr-'(2 hrl 
(0.08 hr-1)(45.5 L)(1 - e-oo8 hr-'(12 hrl) 

= K0 (0 .148) (0.847) 
(0.08 hr-1)(45.5 L)(0 .62) 

Rearranging gives: 

K = (30 mg/L)(0.08 hr-1)(45.5 L)(0.62) 
0 (0.148)(0.847) 

= (540 mg/hr)(2-hr infusion) 

= 540 mg for 2 hours = 1 080 mg, 

which will round to 1 000 mg 

Lesson 13 1 Vancomycin 

Resultant C peak and Ctrough concentrations for a 
1000-mg every-12-hour dose would be - 32 mg/L 
and 14.4 mgjL, respectively. 

Clinical Correlate 

One can easily see how this tedious, repetitive 
calculation of dose, dosing interval, and trough 
concentration can be made much simpler 
by using various computer and PDA dosing 
programs, allowing you to try many different 
combinations. 

CASE2 
PS, a 74-year-old woman, 60 kg, 5' 7" tall, 
serum creatinine of 2.50 mg/dl, is admitted to 
the hospital after sustaining multiple traumatic 
injuries in a motor vehicle accident. 

She experiences a spiking fever; gram-positive 
cocci, resistant to methicillin but susceptible 
to vancomycin, are subsequently cultured from 
her blood. Her physician consults the pharmacy 
for vancomycin dosing and monitoring. A quick 
clinical assessment of this patient indicates that 
her renal function is extremely low, meaning 
her time to steady state would be many days. 
Estimated pharmacokinetic parameters confirm 
this assumption: CrCI -18.7 mUminute, 
estimated K of 0.02, Vof 54 liters, TY2 of -35 
hours, and, therefore, a time to steady-state 
calculation of between 1 04 hours, using three 
half-lives, and 173 hours, using five half-lives. 

Note that there are two opportunities to calculate 
patient-specific pharmacokinetic values-after 
the first dose or after steady state has been 
achieved. In this case, because the patient has 
such a long half-life, it is decided to calculate 
these parameters after the first dose, which 
allows for subsequent dose adjustments without 
waiting the many days necessary for steady state 
to be reached. The reason for calculating this 
patient's elimination rate constant and volume of 
distribution is to predict how often a vancomycin 
dose will be needed, when the next dose should 
be given, and the size of the next dose. 
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So the original estimate for the volume of distribu-

tion was higher than the volume determined with

the plasma concentrations.

Calculation of New T

Before calculating a new maintenance dose, we can

first check to see if we need to use a new dosing
interval, as follows:

1 .

Idesired — In” Cowghidesirerl] ‘m Comkidmlrem] +f “H

(See Equation 13-4.]

where:

t
duration ofinfusion (2 hours],

t’ = time after end ofinfusion [2 hours), and
H

1: dosing interval, calculated as follows:

r=%(ln 15 mgiL—ln 30 mgiL)+2 hr+2hr
—0.08 hr

1

"—008nr‘

=12.66 hr

(2.7—3.4}+4 hr

Therefore, our best new dosing interval is approxi-

mately 12 hours.

Calculation of New Ku

K {1—e‘“} _ .

CDEakisteadysralei =me n

K0 (1 _ 8—003 hl'll2 h”)

(0.08 hr“){45.5 L){1_e-°-03hr"{12m]

_. " hr
Gabon [2!30 mgi'L =

 

«(0.148)
= -——_,——#——{0.s47)

(003 hr )(455 L)(0.62)

Rearranging gives:

= (30 mg/L)(0.08 hr"}(45.5 L)(0.Ei2}
U (0.148](0.847)

= (540 mg/hr)(2phr infusion)

= 540 mg for 2 hours = 1080 mg,

which will round to 1000 mg

K

Lesson 13 | Vancomycin
209

Resultant Cpeak and Ctmugh concentrations for a
1000-mg every-IZ-hour dose would he ~32 mg/L

and 14.4 mg/L, respectively.

 

Clinical Correlate

One can easily see how this tedious, repetitive

calculation of dose. dosing interval, and trough

concentration can be made much simpler

by using various computer and FDA dosing

programs. allowing you to try many different
combinations.
 

 

CASE 2

PS. a ?4-year—old woman, 60 kg, 5' 7" tall,

serum creatinine of 2.50 mgr’dL, is admitted to

the hospital after sustaining multiple traumatic

injuries in a motor vehicle accident.

She experiences a spiking fever; gram-positive

cocci, resistant to methicillin but susceptible

to vancomycin, are subsequently cultured from

her blood. Her physician consults the pharmacy

for vanccmycin dosing and monitoring. A quick

clinical assessment of this patient indicates that

her renal function is extremely low, meaning

her time to steady state would be many days.

Estimated pharmacokinetic parameters confirm

this assumption: CrCl ~18] mUminute,

estimated K of 0.02. Vof 54 liters, 3% of ~35

hours, and. therefore, a time to steady-state

calculation of between 104 hours, using three

half-lives, and 173 hours, using five half-lives.

Note that there are two opportunities to calculate

patient-specific pharmacokinetic values—after

the first dose or after steady state has been

achieved. in this case, because the patient has

such a long half-life. it is decided to calculate

these parameters after the first dose. which

allows for subsequent dose adjustments without

waiting the many days necessary for steady state

to be reached. The reason for calculating this

patient's elimination rate constant and volume of

distribution is to predict how often a vancomycin

dose will be needed, when the next dose should

be given, and the size of the next dose.
#
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Concepts in Clinical Pharmacokinetics 

1&!1[#)11*'...14..1 Two hours after the end of a 1000-mg 
loading dose administered over 1 hour, the vanco
mycin plasma concentration was 29 mg/L; it is 
17.5 mg/L at 35 hours after the end of this infu
sion (Figure 13-5). Calculate the vancomycin 
elimination rate constant, half-life, and volume of 
distribution in this patient. 

First, we calculate the elimination rate constant (K) 
and half-life (T~): 

K = -slope of natural log of vancomycin 
concentration versus time plot 

= 

= 

In C2 -In C1 

In 17.5 mg/L -In 29 mg/L 
35 mg-2 hr 

= 0.015 hr-1 

(See Equation 3-1.) 

Clinical Correlate 

Remember that the second plasma level was 
taken 35 hours after the end of the infusion, not 
35 hours after the first plasma level. Therefore, 
we must account for the 2 hours that elapsed 
between the end of the infusion and first plasma 
level . 

::::1 
0, 
§. 
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FIGURE 13-5. 

Time After End of First Infusion (hr) 

I 
I 
I 
I 
I 
I 

35 

Plasma concentrations after loading dose of vancomycin in a 
patient with renal impairment (29 mg/L at 2 hours and 17.5 mg/L 
at 35 hours after the end of the infusion). 

The half-life in this case can be calculated: 

T h = 0.693 
K 

0.693 
0.015 hr-1 

= 46.2 hr 

(See Equation 3-3.) 

Now the volume of distribution (V) can be esti
mated, using the simple relationship given below: 

loading dose = plasma concentration achieved 
x volume of distribution 

By rearranging, we get: 

loading dose 
V=--------~-------

plasma concentration achieved 

1000 mg 
29 mg/L 

= 34.5 L 

Note that the patient's calculated K of 0.015 hr and 
V of 34.5 L are both lower than our estimated values 
of 0.02 hr and 54 L, respectively. 

l&!1(¥)11h:l With the information just determined, 
calculate when the next vancomycin dose should 
be given and what it should be. Assume that the 
plasma vancomycin concentration should decline 
to 12 mg/L before another dose is given and that 
the plasma concentration desired 2 hours after the 
infusion is complete is 29 mg/L (i.e., desired Cpeak) . 

First, we must know the time needed for the plasma 
concentration to decline to 12 mg/L. It can easily 
be calculated from the known plasma concentra
tions, the elimination rate constant, and the desired 
trough plasma concentration: 

0 _ c e - Kt 
Lttrough - peak 

where: 

Cpeak = observed concentration of 29 mg/L, 

K = elimination rate constant 
(0.015 hr-1), and 

Opiant Exhibit 2059 
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc. 

IPR2019-00685 
Page 218

210
Concepts in Clinical Pharmacokinetics 

 Proljlorri 2.13.. Two hours after the end ofa 1000-rng

loading dose administered over 1 hour, the vanco-

mycin plasma concentration was 29 mg/L; it is

17.5 mg/L at 35 hours after the end of this infu—

sion (Figure 13-5]. Calculate the vancomycin
elimination rate constant, half-life, and volume of

distribution in this patient.

First, we calculate the elimination rate constant [K]

and half-life [TS/2]:

K = —slope of natural log of vancomvcin

concentration versus time plot

__mgwmc

l2 LII

_ _ In 17.5 mgrL —In 29 mod

35 mg—2 hr

= 0.015 hr‘1

(See Equation 3-1.)

 

Clinical Correlate

Remember that the second plasma level was
taken 35 hours after the end of the infusion. not

35 hours after the first plasma levei. Therefore,

we must account for the 2 hours that elapsed

between the end of the infusion and first plasma
level.
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FIGURE 13-5.

Plasma concentrations after loading dose of vancomycin in a
patient with renal impairment {29 mgrL a12 hours and 17.5 mgrL
at 35 hours afier the end of the infusion).

The half-life in this case can be calculated:

{See Equation 3-3.)

Now the volume of distribution (V) can be esti-

mated, using the simple relationship given below:

loading dose 2 plasma concentration achieved
x volume of distribution

By rearranging, we get:

V _ loading dose
plasma concentration achieved

_ 1000 mg

_ 29 mgrL

= 34.5 L

Note that the patient's calculated Kof 0.015 hr and
Vof34-5 L are both lower than our estimated values

of 0.02 hr and 54 L, respectively.

 F’rol;::lerri 2E5. With the information just determined,

calculate when the next vancomycin dose should

be given and what it should be. Assume that the

plasma vancomycin concentration should decline

to 12 mg/L before another dose is given and that

the plasma concentration desired 2 hours after the

infusion is complete is 29 mg/L (i.e., desired ka).

First. we must know the time needed for the plasma

concentration to decline to 12 mg/L. It can easily

be calculated from the known plasma concentra-

tions, the elimination rate constant, and the desired

trough plasma concentration:
_ -K.r

Cllough " Speak e

where:

Cpeak = observed concentration of 29 mgXL,
elimination rate constant

[0.015 hr‘], and
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Then: 

t = time between observed concentration 
of 29 mg/L and trough concentration of 
12 mg/L (unknown). 

12 mg/L = (29 mg/L)(e(-0015 hr -' lUl ) 

To solve for t, we can first take the natural log of 
each side of the equation: 

In 12 mg/L =In 29 mg/L (-0.015 hr -1)(t) 

Rearranging gives: 

t =In 15 mg/L-In 29 mg/L 
-0.015 hr-1 

= 44.6 hr 

Therefore, at approximately 45 hours after the 
plasma concentration of 29 mg/L is observed (or 
-47 hours after the end of the infusion), the next 
vancomycin dose can be given. 

Next, we determine dosing interval and mainte
nance dose as follows: 

-cdesired = -~[In Ctrough(desired) -In Cpeak(desired) ] + t + t' 

1 
= _

0
.
015 

hr_1 [In 12 mg/L -In 29 mg/L] 

1 
= 1 [2.70-3.4]+3 hr 

-0.015 hr-

= 45 hr, rounded up to 48 hr 

(See Equation 13-4.) 

Assume a 1-hour 
infusion and a 
2-hour time to wait 
before obtaining 
vancomycin peak 
concentration 

The maintenance dose can then be calculated as 
follows: 

C 
Ko (1- e- Kr ) - Kt' - e peak(steady state) - VK (1- e - K '() 

(See Equation 13-3.) 

where: 

cpeak(steady state] = concentration 2 hours after end of 
infusion, 

T = 48 hours, 

t = duration of infusion (1 hour), 

Lesson 13 I Vancomycin 

t' = time after end of infusion (2 hours), 

V = 34.5 L, and 

K = 0.015 hr-1. 

Rearranging to solve for K0 : 

K = VK(Cpeak(steadystatel )(1- e-Kr ) 
o (1-e-Kr )(e-Kr' ) 

(34.5 L)(0.015 hr-1 )(29 mg/L)(1- e-oo15 hr-' (48 hrl ) 
=~--~------~--~~--~------~ 

(1- e-0 01 5 hr-1(1 hr) )( e-0015 hr-1
(2 hr) ) 

7.96 mg/hr = ------=---
(0.015)(0.970) 

= 547 mg, rounded to 500 mg 

Finally, we must check to see what our trough 
concentration will be after rounding both dose and 
dosing interval: 

Ctrough = Cpeake-Kt" (See Equation 13-5.) 

where: 

and: 

( ' = time between ctrough and cpeak 
=T-t-( 

= 48 - 1 - 2 = 45 hr 

c _ (29 mg/L)e(-oo15hr-1H45hrl trough -

= 15.2 mg/L 

CASE3 
A 60-year-old woman, patient BA (weighing 70 kg), 
is being treated for a hospital-acquired, methicillin
resistant, Staphylococcus aureus bacteremia seeding 
from an infected sacral decubitus ulcer. MIC values 
for this organism are < 1 mg/L. Her estimated CrCI is 
30 mUminute. Her physician prescribed an initial 
1 000-mg vancomycin loading dose followed by 
a maintenance dose of 500 mg (infused over 1 
hour) every 12 hours. Per hospital protocol you 
are required to check all vancomycin dosing and 
recommend changes as needed. 
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Lesson 13 | VanCOmycin

time between observed concentration

of29 mg/L and trough concentration of

12 mg/L (unknown).

5':

Then:

12 mgi'L : (29 mgf‘LXei-DfllShr-inn}

To solve for t, we can first take the natural log of

each side of the equation:

In 12 mglL 2 In 29 mg!L(—U.015hr")(l)

Rearranging gives:

i- in 15 mgiL~|n 29 mgfL
—0.015 hr"

= 44.6 hr

Therefore, at approximately 45 hours after the

plasma concentration of 29 mgfl. is observed [or

~47 hours after the end of the infusion), the next

vancomycin dose can be given.

Next, we determine closing interval and mainte-
nance dose as follows:

nCWWWH i + i“
1

1mm : :[ifl Clrwgnidesired] *l

Wm 12 mgrL —in 29 mgrt] +Qhr + 2 r9
1

—0.015hr'l

= 45 hr, rounded up to 48 hr

{2.70—3.4]+3 hr

 
[See Equation 13-4.)

The maintenance dose can then be calculated as

follows:

_ Kn“ — 3—K!) e—Kl‘
DEBRISIEEEWSME} _ VKn—e—Kt)

[See Equation 13-3.)

where:

Cmflmdymw} = concentration 2 hours after end of
infusion,

t = 48 hours,

duration ofinfusion [1 hour),

t’ :

V :

K :

time after end ofinfusion [2 hours],

34.5 L, and

0.015 hr".

Rearranging to solve for K0:

l/KiC_ Waklsleativslalei)(1_e-Kr)
D (-1_eKrJ(e Kl")

(34.5 L)(0.015 nr“}(29 mgitm — e‘“'”""" ““’-‘"")

(1_ e—U_[}15l1r"[1ltrl)(e—0.Uifnlir"l?ILrJ)

 

7.96 mgi’hr

(0.015)(D.9?0)

= 547 mg, rounded to 500 mg

Finally. we must check to see what our trough

concentration will be after rounding both dose and

dosing interval:

Enough = Cpaake-K’“ {See Equation 13-5.}

where:

i“ = time between (3..OLIEIrI and CW
2 ‘c — i— i’

=48—1—2=45hr

and:

Gram!“ : (29 mgiL)ei'°-0‘5 hr“it45 hr:

= 15.2 mgfL

 

CASE 3

A 60-year-old woman, patient BA (weighing 70 kg),

is being treated fora hospital-acquired. methicillin-

resistant. Staphylococcus aureus bacteremia seeding
from an infected sacral decubitus ulcer. Mic values

for this organism are 4. 1 mg/L. Her estimated CrCI is

30 mUminute. Her physician prescribed an initial

1000-mg vancomycin loading dose followed by

a maintenance dose of 500 mg {infused over 1

hour) every 12 hours. Per hospital protocol you

are required to check all vancomycin dosing and

recommend changes as needed.
—
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212 
Concepts in Clinical Pharmacokinetics 

ldiU#)IIMf4. Predict the steady-state Ctrough from 
this dose, using population average values for K and 
V. How do they compare to the recommended Ctrough 

of> 10 mg/L? 

The equation for a one-compartment, intermittent
infusion drug can be used to solve for c peak(steady state) 

and c trough(steady state) : 

C = Ko (1- e-Kt ) e-Kt' 
peak(steady state) VK (1- e-Kt) 

(See Equation 13-3.) 

where: 

c pea k(s teady state) = peak plasma concentration at 
steady state, 

Ko = drug infusion rate (also 
maintenance dose given over 1 hour), 

v = volume of distribution (population 
estimate for vancomycin of 0.9 L/kg 
TBW), 

K = elimination rate constant (popula-
tion estimate for vancomycin), 

t = infusion time (1 hour in this case), 

T = patient's current dosing interval, and 

t' = time between end of infusion and 
collection of blood sample (2 hours). 

First, we must calculate patient BA's K and V 
values for use in this equation. The estimated K 
would be: 

K = 0.00083 hr -1 (CrCI) + 0.0044 
(See Equation 13-2.) 

= 0.00083 (30) + 0.0044 

= 0.029 hr - 1 

which we shall round to 0.03 hr -1 for ease of calculation. 

Patient BA's estimated volume of distribution 
(V) is calculated from the population estimate of 
0.9 L/kg TBW: 

0.9 L/kg x 70 kg = 63 L (See Equation 13-1.) 

Now that we have these estimates of K and V, we 
can calculate the c peak and c trough values that would be 
obtained with this dose of 500 mg every 12 hours. 
By application of the general equation for a one
compartment, first-order, intermittently infused 
drug, we get: 

C = Ko(1-e-Kt ) e-Kt' 
peak(steady state) VK (1- e -K t ) 

(See Equation 13-3.) 

where: 

c peak(steady state) = concentration that would result 
from this dose at steady state, 

Ko = drug infusion rate (maintenance 
dose per hour), 

v = volume of distribution (population 
estimate for vancomycin), 

K = elimination rate constant (popula-
tion estimate for vancomycin), 

t = duration of infusion, 

t' = time from end of infusion until 
concentration is determined 
(2 hours for peak), and 

T = desired or most appropriate dosing 
interval. 

Therefore: 

(500 /1 h )(1 - 0.03 hr-1 (1 hr) ) c = mg r - e e - 003 hr"1(2 hr) 

peak(steadvstatel (63 L)(0.03 hr- 1)(1- 8-oo3 hr-'(12 hr) ) 

= (500 mg/hr)(0.029) (0.94) 
(1.89 Uhr)(0.302) 

= (264.5 mg/L)(0.096)(0.94) 

= 23.9 mg/L 

The peak concentration, in this case, is primarily 
calculated to continue the math necessary to calcu
late her trough concentration and can be estimated 
with the following equation: 

C - C e-Kt 
trough(steady state) - peak(steady state) 

In this case, patient BA's C trough will equal the C peak 

(drawn 2 hours after the 1-hour infusion) multiplied 
by the fraction of this C peak remaining after elimina
tion has occurred for t' hours, which, in this case, 
is 9 hours (12-hour dosing interval minus 3 hours). 

The patient's estimated Ctrough(steady stateJ is calcu
lated as follows: 

C = (2 3. 9 m g/L) ec-o.o3 hr-1 )(9 hrl 
trough(steady state) 

= (23 .9)(0.76) 

= 18.2 mg/L 
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 . ._ 2 .;'-".L. Predict the steady-state Cm“ from
this dose, using population average values for Kand

V. How do they compare to the recommended Cmlugh
of> 10 mgfL?

The equation for a one-compartment, intermittent-

infusion drug can be used to solve for Cpeaklsteadystme]

and Cit-nu glfisready state]:

K (“I“e'”) -«rC e
peakislearlylilalfll :m

{See Equation 13—3.)

where:

Cmnmdrsmj peak plasma concentration at
steady state,

K0 : drug infusion rate [also

maintenance dose given over 1 hour].

V = volume ofdistribution [population

estimate for vancomycin of 0.9 L/kg

TBW).

K = elimination rate constant (popula-

tion estimate for vancomycin),

t = infusion time (1 hour in this case),

"t 2 patients current dosinginterval, and

t’ = time between end ofinfusion and

collection ofblood sample [2 hours).

First, we must calculate patient BA’s K and V

values for use in this equation. The estimated K
would be:

K = 0.00083 hr" {CrCI} + 0.0044

{See Equation 13-2.)

: 0.00083 {30) + 0.0044

= 0.029 hr"

which we shall round to 0.03 hr '1 for ease ofcalculation.

Patient BA’s estimated volume of distribution

(V) is calculated from the population estimate of

0.9 L/kg TBW:

09 URL] x 70 kg = 63 L [See Equation 134.)

Now that we have these estimates of K and V, we

can calculate the Cpm and Ctmgh values that would be
obtained with this dose of500 mg every 12 hours.

By application of the general equation for a one-

compartment, firsborder, intermittently infused

drug, we get:

= m- 8"“) 3-K"
Name”? slalei VKU _ e—Kt)

[See Equation 13-3.)

where:

Cpeakisteatlysmte] = concentration that would result
from this dose at steady state,

K0 = drug infusion rate [maintenance

dose per hour],

V : volume of distribution [population

estimate for vancomycin),

K = elimination rate constant (popula-

tion estimate for vancomycin),

t = durationofinfusion,

t’ = time from end ofinfusion until

concentration is determined

(2 hours for peak), and

1: = desired or most appropriate dosing
interval.

Therefore:

0 _ (500 mu hone-“WW”: a. .42. ..
omitsteauwalej _ B

= (500 mg!hr)[0.029)
{1.89 Uhr]{0.302)

= (264.5 mgfL}(0.096}(0.94)

= 23.9 mga’L

The peak concentration. in this case, is primarily

calculated to continue the math necessary to calcu-

late her trough concentration and can be estimated

with the following equation:

{0.94}

C _ e-Kfnoughtsleatlv stale] — peaktsieaoyslale:

In this case, patient BA's C,mush will equal the (Speak
(drawn 2 hours after the 1-hour infusion] multiplied

by the fraction of this 6pm remaining after elimina-
tion has occurred for t' hours, which, in this case,

is 9 hours (12-hour dosing interval minus 3 hours).

The patient’s estimated Clmshmadysm] is calcu-
lated as follows:

Ctrougliisleodvstate} : (239 inLlel-n 03 [Ir—"t9 m

= (23.9)(0JB)

= 18.2 mgfL
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Now that you know the eventual expected steady
state trough of 18 mg/L, a clinical decision can be 
made to either decrease dose slightly or wait until 
patient's vancomycin level is at steady state and 
obtain a steady-state trough concentration. 

Problem 3B. What vancomycin dose would you 
recommend for patient BA to attain a C of 
28 mg/L (drawn 2 hours after the end of aG 
infusion) and a C trough of 12 mg/L? 

Note: You can also change infusion time to 
2 hours when recommending a new dose. 

Using the estimates of K (0.03 hr-1) and V (63 L), we 
should first determine the best dosing interval (T) 

for patient BA: 

Lesson 13 I Vancomycin 

Then: 

(K /2)(1 -0.03 hr-1(2 hr) } c . = 0 -e e-0.03 hr-1(2 hr) 
peak(des1red) (63 L)(0.03 hr-1)(1-e-003 hr 1(24 hr)) 

28m /L = (Ko/2)(0.058) (0.94) 
g (1 .89)(0.66) 

= (K0/2)(0.046)(0.94) 

28 = {K0/2)(0.044) 

28 I 0.044 = (K0/2) 

636 = (K0/2) 

•· 
T = -

1
-[ln ctrough(desired) -In cpeak(desired) l + t + t' 

Note: Answer of 636 mg/hr 
for two infusions= 1272 

rounded down to 1200 mg 

because we rounded our interval 

to every 24 hours. 
-K 

(See Equation 13-4.) 

where tis the time of infusion and t' is the time after 
the end of the infusion. Then: 

1 
-r = -0.0

3 
hr_1 (In 12 mg/L -In 28 mg/L) + 2 hr + 2 hr 

= -33.33 hr(2.48- 3.3) + 4 hr 

= 31 .3 hr, and we will round down to 24 hr 

C = Ko (1- e - Kt ) e - Kt' 

peak(steady state) VK (1- e -K') 

(See Equation 13-3.) 

where: 

c peak(steady state) = desired peak concentration at 
steady state, 

K0 = drug infusion rate (also maintenance 
dose you are trying to calculate), 

V = volume of distribution (population 
estimate for vancomycin), 

K = elimination rate constant (popula
tion estimate for vancomycin), 

t = duration of infusion, 

t' = time from end of infusion until 
concentration is determined 
(2 hours for peak), and 

T = desired or most appropriate dosing 
interval. 

The expected trough concentration can now be 
calculated: 

C. - C e-Kt trough(steady state) - peak(steady state) 

(See Equation 13-5.) 

In this case, Ctrough will equal the C peak (drawn 2 hours 
after the 2-hour infusion is complete) multiplied 
by the fraction of this C peak remaining after elimina
tion has occurred for t hours, which, in this case, is 
20 hours (24-hour dosing interval minus 2 hours 
minus 2 hours). So: 

r> _ (28 /L)e!-0.03 hr-1)(20 hr) Lltrough(steady state) - m g 

= 28 (0 .55) 

= 15.4 mg/L 

Thus, a dose of 1300 mg every 24 hours will yield an 
estimated Cpeak of 28 mg/L and an estimated Ctrough of 
15.4 mg/L, which should be adequate in BA's case. 

Clinical Correlate 
Don't let these equations intimidate you. Try 
to develop a step-by-step model to walk you 
through the calculations, such as: 
• Determine patient-specific K and Vvalues. If 

these values are not known, use population 
estimates. 

• Determine the dosing interval. 
• Determine the drug infusion rate (K0). 
• Check the trough to make sure it is within 

your desired range. 
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28 mg/L [drawn 2 hours after the end ofa 2-hour

infusion] and a Cm,“ of 12 mg/L?

recommend for patient BA to attain a C66

 Mine: "firm can also change aniusion time in
5' hum; .. _..n rt:ctn'ni'nendiru; a new dose. 

Using the estimates ofK [0.03 hr'l) and V [63 L), we

should first determine the best dosing interval [1:]

for patient BA:

1 r

T = —K[In Ctroughlcleslredl _ lll Gwakideslrefll] + l +l‘

[See Equation 134.]

where t is the time ofinfusion and t’ is the time after

the end of the infusion. Then:

i
=————Ini2miL—In28mit 2hr 2hr

T team" 9 g H +

= —33.33 hr(2.48 — 3.3) + 4 hr

= 31.3 hr, and we will round down to 24 hr

_ Knl1_ 94“) e—irr'
oeakisieady stale] _ VK (1 _ B-Kt)

{See Equation 13-3.]

 
where:

Cmmmdymm = desired peak concentration at
steady state,

Kn = drug infusion rate (also maintenance

close you are trying to calculate],

V = volume of distribution (population

estimate for vancomycin),

K = elimination rate constant (popula-

tion estimate for vancomycin].

t = duration ofinfusion,

t' = time from end ofinfusion until

concentration is determined

[2 hours for peak], and

'r = desired or most appropriate dosing
interval.

 
 

 

 

 
Nnie: Answer [ii
for two II'IiIIsir

Lesson 13 | Vancomycin 2 l13

Now that you know the eventual expected steady- Then: |
state trough of 18 mg/L, a cllnlcal dec1510n can be C _ (5912)“—e'0'03""“ml 4103 hr”? “u
made to either decrease dose sllghtly or walt untli pinnacles "W
patient's vancomycin level is at steady state and l R ' r M _e )
obtain a steady-state trou h concentration.

g 23 mg/L 2 WW4}
I’-‘rr:.:il:.nlr_->.rri f-iB. What vancomycin dose would you (1‘85”(0‘56)

= (Kof2){0.046)(0.94)

28 = (Knr2voe44)

28 r0044 = (K92)

636 2 (K32)

li’D =@§9mg rounded down to 1200 mg
because we rounded our interval

to every 24 hours. 

The expected trough concentration can now be
calculated:

G = e—Klrounhisteadv slate} Dealtisleady state)

[See Equation 13-5.)

In this case, Cm,ugh will equal the CD“, (drawn 2 hours
after the 2-hour infusion is complete] multiplied

by the fraction of this (Speak remaining after elimina-
tion has occurred for t hours, which, in this case, is

20 hours (24-hour dosing interval minus 2 hours

minus 2 hours]. So:

Ctroughmeady state} : (28 mg}L)ei—U.U3 hr_1ii2{] hr]

= 28 (0.55)

= 15.4 mgi’L

Thus, a dose of 1300 mg every 24- bours will yield an

estimated Cmak of 28 mg/L and an estimated Cmugh of
15.4 mg/L, which should be adequate in BA’s case.
 

Clinical Correlate

Don't let these equations intimidate you. Try

to develop a step-by-step model to walk you

through the calculations, such as:0 Determine patient-specific K and Vvalues. If 1
these values are not known, use population
estimates.

- Determine the dosing interval.

. Determine the drug infusion rate (Kn).

- Check the trough to make sure It is within

your desired range.
m
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FIGURE 13-6. 

9 hours (1:- 3) 

4 6 8 

Hours After Start of Infusion 

Time between peak and trough 

Trough 

10 12 

ldi'l[#)IIBM Despite your dosing recommendation, 
BA continued to receive her original dose of 500 mg 
every 12 hours (infused over 1 hour) with resul
tant steady-state peak and trough levels of 30 and 
22 mgjL, respectively (Figure 13-6). Adjust patient 
BA's dose, this time using her specific pharmaco
kinetic parameters, to give a cpeak of approximately 
28 mg/L and a C trough(steacty stateJ of approximately 
12 mg/L. 

To adjust this patient's dose, we must first deter
mine her real K and V values, then calculate a new 
dosing intervat and finally solve for a new mainte
nance dose. 

To calculate K, we can use: 

K= In C trough -In Cpeak 

r -t -t' 

In 22 mg/L -In 30 mg/L 
9 hr 

3.09-3.40 
=----

9 hr 

0.31 
9 hr 

= 0.034 hr-1 

(See Equation 3-1.) 

To calculate V, we can use: 

C 
Ko (1- e - Kt ) - Kt' 

= e 
peak(steady state) VK (1- e-Kr ) 

(See Equation 13-3.) 

where: 

cpeak(steady state) = measured steady state peak plasma 
concentration (30 mg/L) drawn 2 
hours after end of a 1-hour infusion, 

Ka 

v 
K 

t 
( 

= 

= 
= 

= 

= 

drug infusion rate (maintenance dose 
of 500 mg, infused over 1 hour), 

volume of distribution (unknown), 

elimination rate constant calculated 
from cpeak and ctrough (0.034 hr-1

), 

infusion time (1 hour), 

time from end of infusion until 
concentration is determined (2 hours 
for peak) (see Figure 13.6), and 

T = dosing interval at time concentra
tions are obtained (12 hours). 

By substituting the above values, we obtain: 

(500 /1 h )(1 - 0.034 hr-1(1 hr) ) 
30 mg/L = mg r - e 

8
-o o34 hr-

1
(2 hrJ 

V(0.034 hr-1)(1- 8 -o o34 hr-
1

(1 2 hrl ) 

= (500 mg/hr)(0.033) (0.93) 
V(0.034 hr-1)(0.34) 

V = 42.6 L 

Note the differences between the previously 
estimated K and V of 0.03 hr-1 and 63 L and the 
calculated values of 0.034 hr-1 and 42.6 L. The K 
values are quite similar; however, the V is much 
smaller than originally calculated. 

Now, to calculate the best dosing intervat once 
again infused over only 1 hour in this case, to get 
a Cpeak of 28 mg/L and a Ctrough(steacty stateJ of approxi
mately 12 mgjL, we would use: 

t = -
1
-[ln Ctrough(ctesirectJ -In Cpeak(ctesirectJ] + t + t' -K 

1 
= _

0
.
034 

hr_1 [In 12 mg/L -In 28 mg/L] + 1 hr + 2 hr 

1 
= _

0
.
034 

hr_1 [2.48- 3.33] + 3 hr 

= 25 hr, rounded to 24 hr 

(See Equation 13-4.) 
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9 hours (1' - 3)PlasmaDrugConcentration (mail-l

4 6 3

Hours After Start of Infusion

 
FIGUHE13-6.

Time between peak and trough

 Flu-catilt-irri 3:3. Despite your dosing recommendation,

BA continued to receive her original dose of 500 mg

every 12 hours [infused over 1 hour] with resul-

tant steady-state peak and trough levels of 30 and

22 mg/L, respectively (Figure 13-6]. Adjust patient

BA’s dose, this time using her specific pharmaco-

kinetic parametersI to give a CM of approximately

28 mg/L and a Cmghfimdy mm of approximately
12 mg/L.

To adjust this patient's dose, we must first deter-

mine her real K and Vvalues, then calculate a new

dosing interval, and finally solve for a new mainte-
nance dose.

To calculate K, we can use:

In CM. —In CM
' r—l—i'

_ _ In 22 mgfL —ln 3U mga’L
9 hr

= 3.09—3.40
9 hr

9hr

=0.034 hr"

[See Equation 3-1.}

To calculate V, we can use:

K (1-94“) _ .

Gimmes =we ”I
(See Equation 13-3.}

where:

measured steady state peak plasma

concentration [30 mg/L} drawn 2
hours after end ofa 1—hour infusion.

Cpeaklsteady slate}

K0 = drug infusion rate (maintenance dose

ofSDO mg, infused over 1 hour].

V = volume of distribution [unknown].

K = elimination rate constant calculated

from Cmk and Cmgh [0.034 hr"),

t = infusion time [1 hour),

t' = time from end ofinfusion until

concentration is determined [2 hours

for peak] (see Figure 13.6). and

dosing interval at time concentra-

tions are obtained [12 hours].

I-l II

By substituting the above values, we obtain:

(500 mgn hr){1—e'“-”3“ “"'““”) 3-0.0:... 1.4.2,...30 m IL 2 ‘
g l/{llU34 hl_1}(‘l— e—ona-I hr' {12 m)

= Ween)
l/(0.034 hr )(0.34)

V : 42.6 L

Note the differences between the previously
estimated K and V of 0.03 hr" and 63 L and the

calculated values of 0.034 hr‘ and 4-2.6 L. The K

values are quite similar; however, the V is much

smaller than originally calculated.

Now, to calculate the best dosing interval, once

again infused over only 1 hour in this case, to get

3 Speak of 28 mg/L and a Cmmmdymm of approxi-
mately 12 mg/L, we would use:

 
T = %[In Clroughmm —In C ]+ i +1”peakldesired}

=Wun 12 mgiLwln 28 mgl'L]+i hr+2 hr

=Wi248—333n3 hr
= 25 hr. rounded to 24 hr

[See Equation 13-4.)  
A

Opiant Exhibit 2059
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc.

|PR2019—00685

Page 222



The new maintenance dose now can be 
calculated: 

C 
Ka(1-e-Kt ) -Kt' 

= e peak(steady state) VK (1- e -K r) 

(See Equation 13-3 .) 

where: 

c peak(steadystate) = desired peak concentration at 
steady state (28 mg/L), 

K0 = drug infusion rate (also main-
tenance dose you are trying to 
calculate, in milligrams per hour), 

V = volume of distribution ( 42.6 L), 

K = elimination rate constant calculated 
from c peak and c trough (0.034 hr-1

), 

t = infusion time (1 hour), 

t' = time from end of infusion until 
concentration is determined 
(2 hours for peak), and 

T = desired or most appropriate dosing 
interval (24 hours). 

Then: 

K (1 - 0.034 llr_, (1 hr) ) c = 0 - e e - 0.034 hr- 1(2 hr) 

peak(steadystatel (42.6 L)(0.034 hr-1)(1- 8-o o34 hr- '(24 hrl ) 

28 m /L = Ka(0.033) (0 .93) 
g (1.45)(0 .56) 

_ K0(0.031) 

0.81 

K0 = 740 mg 

Being conservative, we would round this dose to 
750 mg, which would only slightly raise the actual 
peak value from 28 to approximately 28.4 mg/L. 
This calculation is shown below: 

(750 mg/7 40 mg) x 28 mg/L = 28.4 mg/L 

Problem 30. Calculate the C trough(steacty stateJ for patient 
BA if she receives the new dose of 750 mg every 
24 hours. 
We can use the following equation, where t" is now 
the number of hours between the peak and trough 
( (' = T - t- t') . Therefore, ( ' = 21 hours. 

Lesson 13 I Vancomycin 

ctrough(steady state) = c peak(steady state)e -t'' 

(See Equation 13-5.) 

= (28.4 mg/L)e(--D034 hr-1)(21 hr) 

= 13.9 mg/L 

This new dose of 750 mg every 24 hours based on 
patient-specific PK parameters will then give a C peak 

of approximately 28 mg/L and a C trough of approxi
mately 14 mg/L. 

Problem 3E. Because patient BA's Ctrough of 
22 mg/ L is too high from the regimen of 500 mg 
every 12 hours, the dose will need to be held for a 
certain amount of time before beginning the new 
dose of750 mg every 24 hours. 
Before changing to 750 mg every 24 hours, you must 
wait for patient BA's C trough of 22 mg/L to decrease 
to the desired C trough of approximately 12 mg/L. The 
formula for calculating the number of hours to hold 
the dose is: 

C - C e-Kt 
trough(desired) - trough(actuat) (See Equation 3-2 .) 

where tis the amount of time to hold the dose. This 
formula is an application of the general formula (see 
Lesson 3) that the concentration at any time equals 
a previous concentration multiplied by the fraction 
remaining: 

where: 

c 
Co 

e - Kt 

= 
= 

= 

drug concentration at time t, 

drug concentration at some earlier time or 
time zero, and 

fraction of original or previous concentra
tion remaining. 

In patient BA's case: 

12 mg/L= (22 mg/L)e(-oo34 hr,Htl 

0.55 mg/L= e(-oo34 hr,Htl 

Next, take the natural logarithm of both sides: 

In 0.55 = In (e(-o.o34 hr,lUl) 

-0.61 = -0.034(t) 

t = 17.9 hr 
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Lesson 13 ] Vancomycin

The new maintenance close now can be

calculated:

K0“ - 3W} -x:'

mammogram} =We

(See Equation 13-3.]

where:

C
mmmmw = desired peak concentration at

steady state {28 mg/L].

drug infusion rate [also main-

tenance dose you are trying to

calculate, in milligrams per hour].

V = volume ofdistribution [42.6 L),

Kn

 

K = elimination rate constant calculated

from ka and szh (0.034 hr”),

r = infusion time [1 hour],

t' = time from end ofinfusion until

concentration is determined

[2 hours for peak), and

t = desired or most appropriate dosing

interval [24 hours).

Then:

G : Karl—34'0“” IHM} e.n.os-Inr":alui
“““S‘EWE’ {42.6 uposa hr‘)(1—e-““"’”"*2""”)

28 mgfL : Mmgg}
(1 .45}(0.55}

_ Kfl(0.031]
0.81

K0 = MU mg

Being conservative, we would round this dose to

750 mg, which would only slightly raise the actual

peak value from 28 to approximately 28.4 mg/L.
This calculation is shown below:

(?50 mgi740 mg) x 28 mgiL = 28.4 mgfL

 F": t:'-ui::ult:rri £35.51. Calculate the Clrlmgmmdy5W} for patient
BA if she receives the new dose of 750 mg every
24 hours.

We can use the following equation. where t" is now

the number of hours between the peak and trough

[t" = 1: ~ I — t’]. Therefore, t" = 21 hours.

 

_ —i'
CliuLu;h[sleatig.l state! ‘— peakisleauy slate}e

[See Equation 13-5.}

= (28.4 mg/L)el41034 rr‘irzi 1n;

= 13.9 mgr‘L

This new dose of 750 mg every 24 hours based on

patient~specific PK parameters will then give a Cl...ak

of approximately 28 mg/L and a Cum}, of approxi-
mately 14 mg/L.

F—"|‘:.:nl::nir_-'-m ."-5::.-..
Because patient BA’s Chow, of

22 rug/1.. is too high from the regimen of 500 mg

every 12 hours, the dose will need to be held for a

certain amount of time before beginning the new

dose of 750 mg every 24 hours.

Before changing to 750 mg every 24 hours, you must

wait for patient BA’s Ctrough of 22 mg/L to decrease

to the desired Cm...Eh of approximately 12 mg/L. The
formula for calculating the number of hours to hold
the dose is:

_._ "K
Cliougnmesueui — Imum-[aciualie I [See Equation 3'1]

where tis the amount of time to hold the dose. This

formula is an application ofthe general formula [see

Lesson 3] that the concentration at any time equals

a previous concentration multiplied by the fraction

remaining:

8 = CDG'K'

where:

C = drug concentration at time t.

C[) = drug concentration at some earlier time or

time zero, and

e"“ = Fraction of original or previous concentra-

tion remaining.

“1 Patient BA’s case:

12 ”1931-: (22 mgiLlel-U-Ufi‘ihr‘im

0.55 mgi’L: 31-0034 Min

Next, take the natural logarithm of both sides:

In 0.55 : In (lei-0.034 Iii-13m)

-U.61 : —U.U34(i}

i: 17.9 hr
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Concepts in Clinical Pharmacokinetics 

We should hold this patient's dose for an addi
tional 18 hours after the next ctrough and then begin 
her new dose. The same equation can be used to 
determine the amount of time to hold the dose from 
the last Cpeak of 30 mg/L. Again, the general equation 
is: 

C = C0e -Kt (See Equation 3-2.) 

where: 

C = drug concentration at time t (representing 
here the desired Ctrough of 12 mg/L), 

C0 = drug concentration at some earlier time 
(representing here Cpeak of 30 mg/L), and 

e-Kt = fraction of previous concentration remaining. 

In patient BA's case: 

12 mg/L= (30 mg/L)8(-o 034 hr -
1
Htl 

0.40 mg/L= 8(-0034 hr -1J(tl 

Next, take the natural logarithm of both sides: 

In 0.40 = In (8(-0.o34 hr - 1J(tl) 

-0.92 = -0.034(t) 

27 hr = t 

We should hold this patient's dose for an additional 
2 7 hours after the Cpeak and then begin her new dose. 
Note that you can calculate time to hold using either 
cpeak or ctrough; both methods give the correct answer, 
but you must examine where you are in the dosing 
versus serum concentration sequence. 

A more intuitive method for estimating 
the time to hold patient BA's dose is by exami
nation of the vancomycin half-life. We know 
that the drug concentration decreases by half 
over each half-life. We can estimate how many 
drug half-lives to wait for her concentration to 
approach our desired amount of 12 mg/L as 
follows. For patient BA (Ctrough of 22 mg/L and TY2 
of 20.3 hours [0.693/0.034]), the concentration 
will drop by one-half from 22 to 11 mg/L in one 
half-life of 20 hours. Because a concentration of 
11 mg/L is acceptable, we need to hold only the 
next scheduled dose for an additional 20 hours 
before beginning the new dose of 750 mg every 
24 hours. 

CASE4 
A 65-year-old man, patient RK, has a history of 
subacute bacterial endocarditis secondary to 
a mitral valve replacement 5 years ago. He is 
currently hospitalized for methicillin-resistant 
Staphylococcus aureus bacteremia. He has been 
treated with 750 mg of vancomycin every 16 hours 
for the last 10 days. His most recent Cpeak was 
26 mg/L (drawn 2 hours after a 2-hour 
vancomycin infusion), and his most recent C1rough 

was 9 mg/L. 

l:lii1i'U#)IIMI Patient RK's physician wants to 
discharge him and allow a local home infusion 
company to administer his vancomycin on a once-a
day basis. You are asked to determine if it is possible 
to obtain a C trough of> 10 mg/L with a once-a-day 
dose. What is your response? 
Before answering this question, we must be sure 
we know what the question is asking. Basically, this 
question is asking whether, based on the patient's 
pharmacokinetic parameters, a dose can be given to 
obtain a satisfactory cpeak and ctrough given a dosing 
interval of 24 hours. 

First, we must determine patient RK's pharmaco
kinetic parameters based on his Cpeak of 26 mg/L and 
Ctrough of 9 mg/L. To calculate K, we can use: 

-K = In Ctrough(measuredl -In Cpeak(measuredl 

'(- t- t' 
(See Equation 3-1.) 

where t' represents 2 hours, the number of hours 
after the infusion that the Cpeak was drawn. Then: 

K = In 9 mg/L -In 26 mg/L 
12 hr 

2.20-3.26 
= 

12 hr 

= 0.088 hr-1 

To calculate V, we can use: 

C 
Ko (1- 8-Kt ) - Kt' 

= 8 peak(steady state) VK (1-
8 
-K, ) 

(See Equation 13-3.) 
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We should hold this patient's dose for an addi-

tional 18 hours after the next CW“, and then begin
her new dose. The same equation can be used to
determine the amount of time to hold the dose from

the last Cpeak of30 mg/L. Again, the general equation
ls:

C = Cue—l“ [See Equation 3-2.]

C 2 drug concentration at time t [representing

here the desired Ctrough of 12 mg/L),

C0 = drug concentration at some earlier time

[representing here Cm, of 30 mg/L], and

e‘“‘ = fraction of previous concentration remaining.

ln patient BA’s case:

12 mart: (30 mglL)e“°-"3‘”""ll”

0.40 mgl’L: old-"3“ mum

Next, take the natural logarithm of both sides:

In 0.40 z in (growl-Hm)

-0.92 : —0.034(t)

2? hr : r

We should hold this patient’s dose for an additional

27 hours after the Cm, and then begin her new dose.
Note that you can calculate time to hold using either

Cheek or Cm..th both methods give the correct answer,
but you must examine where you are in the dosing

versus serum concentration sequence.

A more intuitive method for estimating

the time to hold patient BA’s dose is by exami-

nation of the vancomycin half-life. We know

that the drug concentration decreases by half

over each half-life. We can estimate how many

drug half-lives to wait for her concentration to

approach our desired amount of 12 mgfl. as

follows. For patient BA [Cmnugh of 22 mg/L and 7%
of 20.3 hours [0.693/0.034]), the concentration

will drop by one-half from 22 to 11 mg/L in one
half-life of 20 hours. Because a concentration of

11 mg/L is acceptable, we need to hold only the
next scheduled dose for an additional 20 hours

before beginning the new dose of 750 mg every
24 hours.

 

CASE 4

A 65-year-old man, patient FiK, has a historyr of

suoacute bacterial endocarditis secondary to

a mitral valve replacement 5 years ago. He is

currently hospitalized for methicillin~resistant

Staphylococcus aureus bacteremia. He has been

treated with 750 mg of vancomycin everyr 16 hours

for the last 10 days. His most recent CW was
26 mgfL {drawn 2 hours after a 2-hour

vancomycin infusion). and his most recent 0mm
was 9 mgr’L.
_

F'r’t :uliillfi'rl 'r'i -'il.
 Patient RK’s physician wants to

discharge him and allow a local home infusion

company to administer his vancomycin on a once-a—

day basis. You are asked to determine ifit is possible

to obtain a l3,rough of > 10 mg/L with a once-a-day

dose. What is your response?

Before answering this question, we must be sure

we know what the question is asking. Basically, this

question is asking whether, based on the patient's

pharmacokinetic parameters, a dose can be given to

obtain a satisfactory Cmk and wah given a dosing
interval of 24 hours.

First, we must determine patient RK’s pharmaco-

kinetic parameters based on his Cm, of26 mg/L and

CW5“ of9 mg/L. To calculate K, we can use:

_lnC —|nClroughlmeasured} mafinmreil}

t-l—i'

(See Equation 3-1.]

where t’ represents 2 hours, the number of hours

after the infusion that the Cpeak was drawn. Then:

_ In 9 met —|n 26 mgrL
12 hr

_2.20‘3.2e
12 hr

= 0.088 hr“

To calculate V, we can use:

K0“ —8' m) —n'

peakisleadv slaici 2m

[See Equation 13-3.}
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where: 

cpeak(steady state] = measured peak plasma concentration 
(26mg/L), 

Ko = drug infusion rate (also mainte-
nance dose of 750 mg), 

v = volume of distribution (unknown), 

K = elimination rate constant calculated 
from cpeak and ctrough (0.088 hr-1

), 

t = duration of infusion (2 hours), 

t' = time from end of infusion until 
concentration is determined 
(2 hours for peak), and 

T = dosing interval at time concentra
tions are obtained (16 hours). 

By substituting the above values, we obtain: 

(750 /2)(1 -0.088 hr-1(2 hr)) 
26 mg/L = mg - e e-oo88 hr-' (2 hr) 

V(0 .088 hr-1)(1- e-oo88 hr-'(16 hr)) 

= (750 mg/2)(0.16) (0.93) 
V(0 .088 hr-1)(0.755) 

V = 32.3 L 

Next, we use our general equation to solve for 
K0 (maintenance dose) with our predetermined 
24-hour dosing interval: 

C 
Ko (1- e - Kt) - Kt' 

= e peak(steady state) VK (1 - e - K '() 

where: 

cpeak(steady state] = desired peak concentration at 
steady state (26 mg/L), 

K0 = drug infusion rate (also main
tenance dose you are trying to 
calculate, in milligrams per hour 
infused for 2 hours), 

v 

K 

t 

t' 

= 

= 

= 
= 

calculated volume of distribution 
(32.3 L), 

elimination rate constant calculated 
from cpeak and ctrough (0.088 hr-1

), 

duration of infusion time (2 hours), 

time from end of infusion until 
concentration is determined 
(2 hours for peak), and 

T = dosing interval desired (24 hours). 

Lesson 13 I Vancomycin 
217 

By substituting the above values, we obtain: 

(K /2)(1 -0.088 hr-1(2 hr)) 
26 mg/L = o - e e-oo88 hr-'(2 hr) 

(32.3 L)(0.088 hr-1) (1-e-0088 hr-'(24hr)) 

26m /L = (Ko/2)(0.16) (0.84) 
g (2 .84)(0 .88) 

K0 12 = 483 mg 

K0 = 966 mg, round to 1 000 mg, infused over 2 hours 

Finally, we must check to see that our C trough concen
tration with this dose is acceptable. 

Ctrough(steady state) = c peak(steady state) e -KI'' 

(See Equation 13-5.) 

In this case, patient RK's Ctrough will be equal to his 
Cpeak of 26 mg/L multiplied by the fraction of the 
Cpeak remaining after elimination has occurred for 
t" hours, which, in this case, is 20 hours (24-hour 
dosing interval minus t [2 hours] minus t' [2 hours]). 

Therefore: 

C _ (26 mg/L)e!-o.o88 hr-1)(2o hr) 
trough(steady state) -

= 4.2 mg/L 

We can conclude that 1000 mg every 24 hours 
will not yield a trough concentration > 10 mg/L. In 
fact, the dose would need to be doubled to 2000 mg 
every 24 hours to accomplish this, which would, in 
turn, double the expected peak concentration from 
26 mg/L to 52 mg/L. 

Trough-Only Vancomycin 
Pharmacokinetics 

Because the trough vancomycin concentration has 
been shown to be most associated with drug effi
cacy and decreased development of microorganism 
resistance and yet also associated with nephro
toxicity, many practitioners simply use a ratio and 
proportion method of dosing adjustment based 
solely on the trough level. For instance, if trough = 

8 on a dose of 750 mg every 12 hours, they simply 
double both values and give 1500 mg every 12 
hours, to yield a trough of approximately twice the 
previous value (from 8 to 16 mg/L). Unfortunately, 
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single-trough-level-only dosing methods do not 
allow for calculation of individual patient-specific 
values for vancomycin clearance (CLvancoJ, volume 
of distribution (V), elimination rate constant (K), or 
estimated Cpeakss' and therefore, makes a concomi
tant change in dosing interval somewhat of a 
guessing game. Consequently, several methods have 
been devised that attempt to estimate one vanco
mycin population estimate such as K or Vd and solve 
for the other estimate to obtain a abetter" cpeakss · 

Although there are many iterations of this method, 
these single-trough methods estimate either K or 
Vd and then solve for the other. For instance, some 
practitioners use the Matzke equation (as shown in 
Equation 13-3) to estimate K and solve for V or vice 
versa. Another popular and intuitive method is the 
Ambrose-Winter method that uses the simple equa
tion of 

Cpeakss = (dose/ V) + Ctroughss 

This equation allows you to estimate a peak concen
tration based on the simple relationship that 
Concentration= amount of drug (or dose)/Volume 
and then using this value of cpeakss (but now written 
as [ dose/VJ + ctroughssJ where ( dose/V) + ctroughss is 
simply are-expression of cpeakss as also shown above. 

Although these methods are not as accurate as 
having both a ureal" peak and trough serum concen
tration, they are more accurate than using estimates 
for both K and Vd and may be adequate in most clin
ical situations. 
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single-trough-level-only dosing methods do not

allow for calculation of individual patient—specific

values for vancomycin clearance [CmeL volume

of distribution [V], elimination rate constant (K), or

estimated Evan“. and therefore. makes a concomi-
tant change in closing interval somewhat of a

guessing game. Consequently, several methods have

been devised that attempt to estimate one vanco-

mycin population estimate such as Ker Vd and solve

for the other estimate to obtain a "better" Cum”.

Although there are many iterations of this method,

these single-trough methods estimate either K or
Vd and then solve for the other. For instance, some

practitioners use the Matzke equation [as shown in

Equation 13-3] to estimate Kand solve for Vor vice

versa. Another popular and intuitive method is the

Ambrose~Winter method that uses the simple equa-
tion of

Cneakss = {[10593er + Clroughss

This equation allows you to estimate a peak concen-

tration based on the simple relationship that

Concentration = amount of drug [or dose]/Volume

and then using this value of (3mm [but now written

as [dose/V] + GWEN] where [close/V) + Clmugm is

simply a re-expression opruamas also shown above.

Although these methods are not as accurate as

having both a “real" peak and trough serum concen-

tration, they are more accurate than using estimates

for both Kand Vd and may be adequate in most clin-
ical situations.
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Discussion Points 

In Case 1, Problem 1A, suppose BW is actu
ally 6' 2" tall, weighs 106 kg, and has an 
estimated creatinine clearance of 61 mL/ 
minute. How would your maintenance dose 
differ to achieve plasma concentrations of 
22 mg/L for the peak (2 hours after a 2-hour 
infusion) and approximately 12 mg/L for 
the trough? 

Steady-state serum concentrations resulting 
from the maintenance dose you calculated 
in D-1 were reported by the laboratory as: 
peak, 17.8 mg/L and trough, 10.2 mg/L. 
Calculate a new maintenance dose to give 
our desired peak and trough concentrations 
of 22 mg/L and approximately 12 mg/L, 
respectively. 

Assume that BA in Case 3 actually received a 
vancomycin 1200-mg loading dose followed 
by a maintenance dose of 1000 mg (over 2 
hours) every 12 hours. Predict the steady
state peak and trough levels that would 
result from this maintenance dose, using 
population average values forK and V. 

Assume that the first dose for a patient (a 
41-year-old female, 5' 6", 148 lbs, with posi
tive blood cultures for methicillin-resistant 
Staphylococcus aureus; serum creatinine, 
1.2 mgjdL; white blood cell count, 18,300/ 
mm3

, 10% bands; receiving 1000 mg of 

Lesson 13 I Vancomycin 

vancomycin IV every 12 hours) is sched
uled for 8 AM on 12/1. Describe in detail the 
process of how you determine when serum 
levels (and what type of levels) should be 
obtained. Then write an order as it would 
appear in the Physician's Order section of 
the patient's medical record for how serum 
levels should be obtained. This order should 
be grammatically correct, include only 
approved abbreviations, and provide suffi
cient detail that nursing services can easily 
follow your instructions without having to 
contact you for further clarification. 

Based on your experience in the provision 
of direct patient care, design a pharmacy
managed vancomycin dosing protocol that 
could be used in your practice setting. This 
protocol should be written from the stand
point that the pharmacist is providing 
complete dosing and monitoring of vanco
mycin in a patient case (instead of simply 
providing recommendations to a physician 
to manage). All steps required to effectively 
dose and monitor (including equations used) 
a patient for whom vancomycin is prescribed 
should be included. Describe in detail how 
you would monitor this drug using serum 
concentrations. Write the order for this drug 
as it would appear in the Physician's Order 
section of the patient's medical record. 
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Discussion Points

in Case 1, Problem 1A, suppose BW is actu-

ally 6' 2“ tall, weighs 106 kg, and has an

estimated creatinine clearance of 61 mL/

minute. How would your maintenance dose

differ to achieve plasma concentrations of

22 mg/L for the peak {2 hours after a 2-hour

infusion) and approximately 12 rug/L for

the trough?

Steady-state serum concentrations resulting

from the maintenance close you calculated

in D-1 were reported by the laboratory as:

peak, 17.8 mg/L and trough. 10.2 mgXL.

Calculate a new maintenance dose to give

our desired peak and trough concentrations

of 22 nag/L and approximately 12 mgfL,

respectively.

Assume that BA in Case 3 actually received a

vancomycin 1200-mg loading dose followed

by a maintenance dose of 1000 mg {over 2

hours) every 12 hours. Predict the steady-

state peak and trough levels that would

result from this maintenance dose, using

population average values for K and V.

Assume that the first dose for a patient [a

41~year-old female. 5' 6", 148 lbs. with posi-
tive blood cultures for methicillin-resistant

Staphylococcus oureus; serum creatinine,

1.2 mg/dL; white blood cell count, 18,300/

mm3, 10% bands; receiving 1000 mg of

 

vancomycin IV every 12 hours) is sched-

uled for 8 AM on 12/1. Describe in detail the

process of how you determine when serum

levels (and what type of levels] should be
obtained. Then write an order as it would

appear in the Physician’s Order section of

the patient's medical record for how serum
levels should be obtained. This order should

be grammatically correct, include only

approved abbreviations, and provide suffi-

cient detail that nursing services can easily

follow your instructions without having to

contact you for further clarification.

Based on your experience in the provision

of direct patient care, design a pharmacy-

managed vancomycin dosing protocol that

could be used in your practice setting. This

protocol should be written from the stand-

point that the pharmacist is providing

complete dosing and monitoring of vanco-

mycin in a patient case [instead of simply

providing recommendations to a physician

to manage]. All steps required to effectively

dose and monitor [including equations used)

a patient for whom vancomycin is prescribed
should be included. Describe in detail how

you would monitor this drug using serum

concentrations. Write the order for this drug

as it would appear in the Physician’s Order

section of the patient’s medical record.
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LESSON 14 

Theophylline 

Methylxanthines, including theophylline and aminophylline, have been used in the 
management of asthma and chronic obstructive pulmonary disease (COPD) for 
more than five decades. With time, the use of these agents has declined as a result 
of the advent of alternative therapy, including beta-2 agonists, anticholinergics, 
corticosteroids, mast cell stabilizers, leukotriene modifiers, and immunomodula
tors. Although methylxanthines produce little therapeutic benefits for the patient 
with asthma,1 these agents may reduce dyspnea, increase exercise tolerance, and 
improve respiratory drive in patients with COPD. 2 At the same time, theophylline 
is an excellent agent for illustrating pharmacokinetic concepts associated with 
the continuous intravenous infusion model. Cases in this lesson focus on patient
specific dosing of aminophylline and theophylline. 

Theophylline typically follows first-order pharmacokinetics in most patients 
with serum concentrations within the therapeutic range of 5-15 mg/L. It may 
undergo nonlinear, or Michaelis-Menten, pharmacokinetics (see Lesson 10) when 
serum concentrations are within this range; however, this is more likely to occur 
at concentrations exceeding 15 mg/L.3 

Theophylline is eliminated from circulation through hepatic oxidative metabo
lism (cytochrome P450) and has a low intrinsic clearance (see Lesson 9). Therefore, 
total hepatic clearance of theophylline is determined by the intrinsic clearance of 
the liver and is not dependent on liver blood flow. Disease states, drugs, and other 
factors that may influence theophylline clearance are found in Table 14-1. 

Theophylline is usually administered intravenously or orally. When theophyl
line derivatives are used, the theophylline dose equivalent should be calculated. 
For example, aminophylline is 80% theophylline. Therefore, to obtain the theophyl
line dose equivalent, the aminophylline dose should be multiplied by 0.8. 

Many different oral formulations of theophylline are available. Some of these 
are rapidly absorbed after administration. Others are designed to slowly release 
drug in the gastrointestinal tract for up to 24 hours. The type of oral product used 
directly affects pharmacokinetic calculations. 
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LESSON 14

Theophylline

Methylxanthines, including theophylline and aminophylline, have been used in the

management of asthma and chronic obstructive pulmonary disease [COPD] for

more than five decades. With time, the use of these agents has declined as a result

of the advent of alternative therapy, including beta-2 agonists, anticholinergics,
corticosteroids, mast cell stabilizers, leukotriene modifiers, and immunomodula-

tors. Although methylxanthines produce little therapeutic benefits for the patient

with asthma,1 these agents may reduce dyspnea, increase exercise tolerance, and

improve respiratory drive in patients with COPD.2 At the same time, theophylline

is an excellent agent for illustrating pharmacokinetic concepts associated with

the continuous intravenous infusion model. Cases in this lesson focus on patient—

specific dosing of aminophylline and theophylline.

Theophyiline typically follows first-order pharmacokinetics in most patients

with serum concentrations within the therapeutic range of 5-15 mg/L. It may

undergo nonlinear, or Michaelis—Menten, pharmacokinetics [see Lesson 10) when

serum concentrations are within this range; however, this is more likely to occur

at concentrations exceeding 15 mg/L.3

Theophylline is eliminated from circulation through hepatic oxidative metabo—

lism (cytochrome P450] and has a low intrinsic clearance [see Lesson 9]. Therefore,

total hepatic clearance of theophylline is determined by the intrinsic clearance of

the liver and is not dependent on liver blood flow. Disease states, drugs, and other

factors that may influence theophylline clearance are found in Table 14-1.

Theophylline is usually administered intravenously or orally. When theophyl~

line derivatives are used, the theophylline dose equivalent should be calculated.

For example, aminophylline is 80% theophylline. Therefore, to obtain the theophyl-

line dose equivalent, the aminophylline dose should be multiplied by 0.8.

Many different oral formulations of theophylline are availabie. Some of these

are rapidly absorbed after administration. Others are designed to slowly release

drug in the gastrointestinal tract for up to 24 hours. The type of oral product used

directly affects pharmacokinetic calculations.

22‘!
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Concepts in Clinical Pharmacokinetics 

TABLE 14-1. Factors and Drugs That Alter Theophylline Clearance 

Factors 

Hepatic disease 

Acute pulmonary edema 

Severe chronic obstructive pulmonary disease 

Heart failure 

Cor pulmonale 

Cigarette smoking 

Former cigarette smoking (quit > 2 years) 

Marijuana smoking 

Marijuana and cigarettes 

Elderly cigarette smokers 

Drugs 

Cimetidine (after 2 or more days) 

Oral contraceptives 

Interferon 

Ciprofloxacin 

Diltiazem 

Norfloxacin 

Phenytoin 

Phenobarbital 

Erythromycin 

Propranolol 

Verapamil 

Rifampin 

Phenytoin + smoking 

CASE I 
MA is a 62-year-old, 73-kg, man with a 30-year 
history of mild COPD that has been satisfactorily 
controlled with beta-2 agonist, ipratropium, and 
inhaled steroid therapy. However, over the past 
two months, MA has experienced increased 
difficulty in breathing. His physician wishes to 
admit him to the hospital and initiate intravenous 
aminophylline. 

Total Body Clearance 
(L/kg/hour) 

0.02 

0.02 

0.03 

0.016 

0.028 

0.063 

0.051 

0.072 

0.09 

0.045 

Clearance Adjustment 
(x 0.04 L/kg/hour) 

0.5-0.7 

0.7 

0.15 

0.7-0.75 

0.8-0.9 

0.85 

1.35-1 .5 

1.35-1.5 

0.75-0.8 

0.5-0.7 

0.8-0.9 

1.35-1.5 

1.9 

Clearance Adjustment 
(x 0.04 L/kg/hour) 

0.5 

0.5 

0.8 

0.5 

0.7 

1.6 

1.2 

1.7 

2.2 

1.1 

Problem 1A. Calculate an appropriate loading 
dose of aminophylline for MA that will result in 
a theophylline concentration of 14 mcgjmL. 

To calculate a loading dose of aminophylline requires 
that we know the desired theophylline plasma 
concentration, the patient's theophylline volume of 
distribution, the aminophylline salt equivalent for 
theophylline, and the fraction of drug administered 
that reaches the systemic circulation. 
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In this case, the desired plasma theophylline 
concentration is 14 mcg/mL, the aminophylline salt 
equivalent (S) is 0.8, and the fraction of drug admin
istered reaching the systemic circulation (F) is 1. 

The one remaining factor that is necessary to make 
this loading dose calculation is the patient's theophyl
line volume of distribution (VJ. This is calculated from 
the patient's weight and the expected volume (in liters 
per kilogram) from published literature: 

V (L) =weight (kg) x 0.5 L/kg 

= 73 kg (0.5 L/kg) 

= 36.5 L 

Clinical Correlate 

For theophyll ine, the patient's actual body 
weight shou ld be used to calcu late the volume 
of distribution unless the patient's actual weight 
is more than 50% above his or her ideal body 
weight. In patients more than 50% above ideal 
body weight, volume of distribution should be 
calcu lated using ideal body weight. 

Based on the information we now have, we can 
calculate an aminophylline loading dose for MA. 

The basic loading dose equation can be derived 
from the plasma concentration equation we learned 
in Lesson 1. 

. amount of drug in body 
concentration = -------=------=--

volume in which drug is distributed 

(See Equation 1-1.) 

We can rewrite this equation to: 

D = c X v 
Taking into consideration the Sand F values for 

aminophylline, we can rewrite the above variation 
of Equation 1-1 as follows: 

D = CpdV 
SF 

where: 

D 

Cpd 

v 
s 
F 

= 

= 

= 

= 

= 

Lesson 14 I Theophylline 

the loading dose (milligrams), 

the desired concentration (milligrams 
per liter), 

the volume of distribution (liters), 

salt form, and 

bioavailability, which is equal to 1 for 
drugs given intravenously. 

Substituting known values for these parameters, 

0 
= 14 mg/L x (36.5 L) 

0.8 

= 638.75 mg 

= 640 mg 

This 640-mg aminophylline loading dose will 
produce a serum concentration slightly greater than 
14 mcgjmL. 

Note: Remember, aminophylline is a salt form 
of theophylline and contains approximately 80% 
theophylline equivalents. 

l#lii1i1@)11il:l The loading dose is to be administered 
over a 30-minute interval. An aminophylline main
tenance infusion is to be started immediately on 
completion of the loading dose. Suggest an amino
phylline infusion rate for MA that will achieve a 
plasma theophylline concentration of 12 mcgjmL. 

STEP A 

The first step in solving this problem is to estimate 
MA's theophylline clearance. This can be accom
plished by using the following equation: 

where: 

Cl = (0.04 L/kg/hr) x weight (kg) 

Cl = clearance (L/hour; clearance 
is based on the patient's actual 
body weight), and 

0.04 L/kgjhour = population estimate found in 
the literature. 

Therefore, 

Cl = (0.04 L/kg/hr) x weight (kg) 

= (0.04 L/kg/hr) x 73 kg 

= 2.92 L/hr 

223 
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Concepts in Clinical Pharmacokinetics 

STEP 8 

To solve for a maintenance dose (milligrams per hour), 
we can rearrange and slightly modify Equation 4-3 to 
Equation 14-4 as follows: 

(See Equation 4 -3.) 

where: 

D = C Pss Cit 
SF 

D = the maintenance dose (milligrams per 
hour), 

C Pss = average steady-state concentration 
desired (micrograms per milliliter), 

Cl 

s 
F 

T 

= 
= 
= 
= 

clearance (liters per hour), 

salt form, 

bioavailability, and 

dosing interval, which is 1 hour for a 
continuous intravenous infusion. 

After inserting the Cl value calculated in Step A, 
Sand Fvalues, a dosing interval of one hour, and our 
desired serum concentration for C, we can solve for 
the maintenance dose: 

0 
= 12 mcg/ml x 2.92 Uhr x 1 hr 

0.8 

= 43.8 mg/hr 

= 44 mg/hr 

Figure 14-1 demonstrates the relationship between 
serum levels achieved with the loading and mainte
nance doses of theophylline or aminophylline. 

!#iii];1[#)iei[!J How long will it take forMA's theophyl
line therapy to reach steady state? 

• Steady state is reached once a given dose of a 
drug is administered for 5 half-lives of the drug. 

• Half-life is determined by the equation 
TY2 = 0.693/K. 

FIGURE 14-1. 
Plasma concentrations with a loading dose and continuous 
infusion of theophylline or aminophylline. 

• This requires that we know the value for K in 
this patient. 

Using the equation Cl = K x V, we can use our esti
mated values for Cl and V to estimate K. 

Cl = Kx V 

2.92 L/hr = Kx (0.5 L/kg x 73 kg) 

= Kx 36.5 L 

K = 0.08 hr -1 

Now, substituting K into our half-life equation, we 
can solve for half-life. 

TY2 = 0.693/K 

= 0.693/0.08 

= 8.7 hours 

Steady state will be reached in 5 half-lives. 

5 x 8.7 hours = 43.5 hours 

!#iii];1[§jiell•l MA's steady-state theophylline serum 
concentration is 11.6 mcgjmL. Is there any reason 
to change his dose at this time? 

As long as MA is improving clinically and not expe
riencing theophylline adverse effects, it would be 
appropriate to leave his dose as is. 
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Concepts in Clinical Pharmacokinetica

STEP B

To solve for a maintenance dose (milligrams per hour],

we can rearrange and slightly modify Equation 4-3 to

Equation 14-4- as follows:

  
 

(Total Observed Concentration

QU!

E.i:
.9

EE
inuI:
Q
U
o
.E
“5-..c
a.oo
.i:
l—

5 : dose Maintenance Infusion T
CI! x ‘r: x 5 Halt-Lilies

\\.._‘I:oading lnlusion{See Equation 4-3.) “M“--------- l
ED CIT Time Alter Start oi infusion

1._-1 .. a D = ‘2‘}:
FIGURE 14-1.

where: Plasma concentrations with a loading dose and continuous

D = the maintenance dose [milligrams per

hour].

infusion of theophylline or aminophyliine.

- This requires that we know the value for Kin
C pm = average steady-state concentration _ _

desired {micrograms per milliliter], this patient.

C] = clearance [liters per hour], Usmg the equatlon C1 = Kx V, we can use our esti-
mated values for C] and Vto estimate K.

S 2 salt form.

F = bioavailahility, and CI = KX l/

dosing interval, which is 1 hour for a
continuous intravenous infusion.

After inserting the Cl value calculated in Step A,

Sand Fvalues. a dosing interval ofone hour, and our

desired serum concentration for (—3 . we can solve for
the maintenance dose:

D_12 mcgirnL x 2.92 Uhr x 1 hr

2.92 Li’hr = Kx (0.5 ng x 73 kg)

= Kx 36.5 L

K = 008 hr "

NowI substituting K into our half~life equation, we
can solve for half-life.

0.8 in = 0.693HK

= 43.8 mofhr z ososmos
: 44 n

”‘9” r = 8.7 hours

Figure 14-1 demonstrates the relationship between

serum levels achieved with the loading and mainte~

nance doses of theophylline or aminophylline.

Pi'r;}l.:=|::4'l'i i i'IZ.._".'.

line therapy to reach steady state?

How long will it take for MA’s theophyl- 

- Steady state is reached once a given dose of a

drug is administered for 5 half-lives of the drug.

- Half-life is determined by the equation

7% = 0.693/K.

Steady state will be reached in S half-lives.

5 x 8.7 hours = 43.5 hours

 F’rcii:r.ln:em ii]. MA’s steady-state theophylline serum

concentration is 11.6 mcg/mL. Is there any reason

to change his dose at this time?

As long as MA is improving clinically and not expe-

riencing theophylline adverse effects, it would be

appropriate to leave his dose as is.
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CASE2 
CJ is a 48-year-old , 60-kg, woman who is 
admitted to the hospital for treatment of severe 
chronic bronchitis. She has a history of cigarette 
smoking since age 14 and is currently receiving 
verapami l for high blood pressure . 

Problem 2A. Estimate CJ's volume of distribution 
and clearance for theophylline. 

To estimate CJ's volume of distribution (see 
Equation 14-1): 

V(L) = weight (kg) x 0.5 L/kg 

= 60 kg (0 .5 L/kg) 

= 30 L 

To estimate CJ's clearance (see Equation 14-3): 

Cl = (0.04 L/kg/hr) x weight (kg) x (adjustment 
factors) 

= (0.04 L/kg/hr) x 60 kg x (0.8) x (1.6) x (0.8) 

= 2.46 L/hr 

(The clearance adjustment factors of 0.8, 1.6, and 
0.8 are found in Table 14-1 for severe bronchitis 
[severe COPD], cigarette smoking and verapamil, 
respectively.) 

Problem 28. Calculate an aminophylline loading 
dose for CJ that will achieve an initial plasma 
concentration of 12 mcgjmL. The dose will be given 
as an infusion over 30 minutes. 

To calculate the loading dose: 

O = CpdV 
SF 

(See Equation 14-2.) 

0 
= 12 mcg/ml x 30 L 

0.8 

= 450 mg 

Lesson 14 I Theophylline 

Problem 2C. Calculate an infusion rate of amino
phylline that will maintain CJ's serum concentration 
at 12 mcgjmL. 

To determine the infusion rate: 

O = C Pss Cl't' 
SF 

(See Equation 14-4.) 

0 
= 12 mcg/ml x 2.46 Uhr x 1 hr 

0.8 

= 36.9 mg/hr 

= 37 mg/hr 

Problem 20. A steady-state theophylline serum 
concentration is reported by the lab as 18.2 mcgjmL. 
Calculate a new aminophylline maintenance dose to 
achieve a steady-state theophylline serum concen
tration of 12 mcgjmL. 

STEP A 

The first step in calculating a new aminophylline 
maintenance dose for CJ is to solve for her actual 
theophylline clearance. When calculating her initial 
maintenance dose, we estimated clearance using 
a population value. Now that we have a measured 
steady-state serum concentration, we can calculate 
an actual value. 

To determine CJ's actual theophylline clearance, 
we can rearrange Equation 14-4 in Problem 1B and 
calculate this parameter as follows: 

Rearrange to solve for Cl: 

Cl= ESF 

(See Equation 14-4.) 

where: 

C Pss 't' 

Cl = clearance (liters per hour), 

D = maintenance dose (milligrams per hour), 

225 
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CASE 2 F'r"r_'_ii_m:-:| r1 EC}. Calculate an infusion rate of amino-
phylline that will maintain Cl’s serum concentration

CJ is a 48-year-old, Gil-kg. woman who is at 12 mag/‘ml" _ _
admitted to the hospital for treatment of severe T0 determme the meSlOD Fate:

chronic bronchitis. She has a history of cigarette 5 C
smoking since age 14 and is currently receiving D = pas '1
verapamil for high blood pressure. SF
fl

[See Equation 14-4.]
I’Jrcnhlcrtz-n'i LEA. Estimate as volume of distribution

and clearance for theophylline. D _ 12 mcgrmL x 2.46 Uhr x 1 hr
To estimate CI’s volume of distribution [see 0.8
E t' 14-1 :
qua "m J = 36.9 min

= 60 kg (0.5 Lr'kg)
F'I'"I.’Jl_'_ill.'lil"l _D A steady-state theophylline serum

: 30 L concentration is reported by the lab as 18.2 mcg/mL.

Calculate a new aminophylline maintenance dose to

To estimate as clearance [see Equation 14-3]: achieve a steady-state theophylline serum concen-
tration of 12 mcg/mL.

Ci 2 (0.04 ergrhr} x weight (kg) x (adjustment

factors} STEP A

The first step in calculating a new aminophylline

2 {0'04 ngm) x 60 kg x (0'8) x (1'6) X (0'8) maintenance dose for C] is to solve for her actual

= 2 46 Lr’hr theophyiline clearance. When calculating her initial
' maintenance close, we estimated clearance using

[The clearance adjustment factors of 0.8, 1.6, and a population value. NOW that we have a measured
0.8 are found in Table 1+1 for severe bronchitis steady-state serum concentration, we can calculate

{severe COPD], cigarette smoking and verapamil, an actualvalue.
respectively] To determine CI’s actual theophylline clearance,

we can rearrange Equation 14-4 in Problem 13 and

Prt:-l:;:-Ien"ri .8 Calculate an aminophylline loading calculate this parameter as follows:

close for C] that will achieve an initial plasma _.

concentration of 12 mcg/mL. The dose will be given D = C pas CIT
as an infusion over 30 minutes. SF

To calculate the loading dose:

Rearrange to solve for CI:

D—CWV
SF o z 93‘

0 past

(See Equation 14-2.]
[See Equation 14-4.]

D = 12 mcgfml. x 30 L where:
0'8 C] = clearance (liters per hour],

= 450 mg D = maintenance dose [milligrams per hour),

— Opiant Exhibit 2059
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc.

lPR2019-00685

Page 233



226 
Concepts in Clinical Pharmacokinetics 

5 = salt form, 

F = bioavailability, and 

C Pss = average steady-state concentration 
(micrograms per milliliter). 

Cl = 37 mg/hr x 0.8 x 1 
18.2 mcg/ml 

= 1.63 Uhr 

Notice that we estimated CJ's theophylline Cl as 
2.46 Ljhour, but her actual value is 1.63 L/hr. 

STEP B 

Now that we have CJ's actual theophylline clearance, 
we can calculate a new maintenance dose that will 
give us the desired theophylline serum concentra
tion of 12 mcg/mL: 

(See Equation 14-4.) 

STEPC 

0 
= 12 mcg/ml x 1 .63 Uhr x 1 hr 

0.8 X 1 

= 24.45 mg/hr 

= 25 mg/hr 

Before we can begin this new maintenance dose of 
aminophylline in CJ, it is necessary to determine 
how long we must hold her current dose until her 
serum theophylline concentration declines to an 
acceptable value. We will choose a level of 12 mcgjmL. 
To determine how long it will be necessary to wait 
before starting this new maintenance dose, we need 
to determine CJ's theophylline elimination rate. We 
will make the calculation using her actual clearance 
value. Using the following formula: 

(See Equation 3-4 .) 

where: 

K = elimination rate constant (hr -1), 

Cl = clearance (liters per hour), and 

V = volume of distribution (liters). 

K = 1.63 L/hr/30 L 

= 0.054 hr -1 

Next we can determine the time we need to wait 
by using the following equation: 

C = C0e -K1 (See Equation 3-2 .) 

where: 

t = time to wait (hours), 

C = desired concentration (micrograms per 
milliliter), 

C0 = current concentration (micrograms per 
milliliter), and 

K = elimination rate constant (hr-1). 

Therefore: 

12 = 18.2e-o o541 

12/18.2 = e-o o541 

0.659 = e-oo541 

In 0.659 =In e-00541 

-0.417 = -0.054t 

t = 7.7 hours 

CJ would receive the new infusion of 
25 mgjhour starting 8 hours after discontinuing 
the previous infusion of 37 mgjhour. 

Clinical Correlate 

The most significant side effects from theophylline 
occur at serum concentrations higher than 
20 mcg/ml. These include nausea, vomiting, 
headache, diarrhea, irritability, and insomnia. 
At concentrations higher than 35 mcg/ml, 
major adverse effects include hyperglycemia, 
hypotension, cardiac arrhythmias, seizures, brain 
damage, and death. 
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salt form.

F

5 p3,. = average steady~state concentration

(micrograms per milliliter].

bioavailability, and

CI— 37 mgi’herBxi
_ 18.2 mcglmL

21.63 Uhr

Notice that we estimated Cl's theophylline Cl as

2.46 L/hour, but her actual value is 1.63 L/hr.

STEP B

Now that we have Cl's actual theophylline clearance,
we can calculate a new maintenance dose that will

give us the desired theophylline serum concentra-

tion of 12 mcg/mL:

 
D: Epss 01:

SF

(See Equation 14—4.)

_12mcg/mL x 1.63Uhr x 1 hr
0.8 xi

= 24.45 mgfhr

D

= 25 mgfhr

STEP C

Before we can begin this new maintenance dose of

aminophylline in C], it is necessary to determine

how long we must hold her current dose until her

serum theophylline concentration declines to an

acceptable value. We will choose a level of 12 mcg/ml...

To determine how long it will be necessary to wait

before starting this new maintenance close, we need

to determine CI’s theophylline elimination rate. We

will make the calculation using her actual clearance

value. Using the following formula:

-9
V

K

[See Equation 3-4.]

 

where:

K = elimination rate constant [hr"},
Cl

clearance {liters per hour], and
“Q

II
volume of distribution (liters).

K = 1.63 UhrfGO L

= 0.054 hr"

Next we can determine the time we need to wait

by using the following equation:

0 = 003‘” [See Equation 3-2.)

where:

t = time to wait (hours),

C = desired concentration (micrograms per

milliliter],

Cu = current concentration (micrograms per

milliliter), and

K = elimination rate constant [h1“'].

Therefore:

12 = wee-W

12:13.2 = e-n-oer

 
{1659 : 8—0054!

In 0659 = In e'n-Dfi‘”

—O.417 = -U.054t

t = 7.? hours

C] would receive the new infusion of

25 mg/hour starting 8 hours after discontinuing

the previous infusion of37 mg/hour.
 

Clinical Correlate

The most significant side effects from theophylline

occur at serum concentrations higher than

20 mcgme. These include nausea, vomiting,

headache. diarrhea. irritability, and insomnia.

At concentrations higher than 35 mcgz‘mL,

major adverse effects include hyperglycemia,

hypotension, cardiac arrhythmias, seizures, brain

damage. and death.
—  
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CASE3 
SR is a 52-kg patient admitted to the emergency 
department with difficulty breathing. He has been 
prescribed theophylline on an outpatient basis but 
admits his compliance to his medication regimen 
is poor. A STAT theophylline level is reported as 
3.9 mcg/ml. 

l#lli']i]f¥)11641 Calculate an appropriate theophylline 
loading dose to give SR a serum level of 14 mcgjmL. 

STEP A 

Estimate SR's theophylline volume of distribution. 

V =weight (kg) x 0.5 L/kg 

= 52 kg X 0.5 L/kg 

= 26 L 

STEP B 

Using SR's estimated V, calculate an appropriate 
theophylline loading dose. 

In this situation, we will slightly modify the 
loading dose Equation 14-2 to the following: 

D = (Cpd-Cpi) V 
SF 

(See Equation 14-2 .) 

where: 

D = the loading dose, 

Cpd = the desired concentration (milligrams 
per liter), 

Cpi = the initial concentration (milligrams per 
liter), 

v = the volume of distribution (liters), 

s = salt form, and 

F = bioavailability, which is equal to 1 for 
drugs administered intravenously. 

0 
= (14 mcg/ml - 3.9 mcg/ml) x 26 L 

1 X 1 

= 262.6 mg 

= 260 mg 

lesson 14 I Theophylline 

This 260-mg theophylline loading dose will 
result in a serum concentration slightly less than 
14 mg/L. 

Notice in this situation we are using a value of 1 
for S (theophylline is not in a salt form). 

l#lli']F][§)IIBJ:I Calculate a theophylline maintenance 
dose that will maintain SR's serum concentration at 
12 mcg/mL. 

STEP A 

As we saw in Case 1, the first step in solving this 
problem is to estimate SR's theophylline clearance. 
This can be accomplished by using the following 
equation: 

Cl = (0.04 L/kg/hr) x weight (kg) 

where: 

Cl = clearance (L/hour; clearance 
is based on the patient's actual 
body weight), and 

0.04 L/kg/hour = population estimate found in 
·the literature. 

Therefore, 

STEP B 

Cl = (0.04 L/kg/hr) x weight (kg) 

= (0.04 L/kg/hr) X 52 kg 

= 2.08 L/hr 

To solve for a maintenance dose (milligrams per 
hour), we can rearrange and slightly modify Equa
tion 4-3 to Equation 14-4 as follows: 

(See Equation 4-3 .) 

D = C Pss Cl-r 
SF 

227 
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CA8 E 3 This 260-mg theophylline loading dose will
result in a serum concentration slightly less than

SR is a 52-kg patient admitted to the emergency 14 mg/L‘
department with difficulty breathing. He has been Notice in this situation we are using a value of 1
prescribed theophyiline on an outpatient basis but for5 [theophylline is not in a Salt form]-

admits his compliance to his medication regimen _‘ _. ( . .
iS poor. A STAT theophylline level is reported as F-re._..~i_.ulr.-_:r I! .__-:I3. Calculate a theophylline mamtenance
39 [“09me dose that Will maintain SR 5 serum concentration at

F—"‘I"C}l:)|v:—_‘i!l'n Bar‘s. Calculate an appropriate theophylline STEP A
loading dose to give SR a serum level of 14 mcg/mL.

As we saw in Case 1. the first step in solving this

STEP A problem is to estimate SR’s theophylline clearance.

Estimate SR’s theophylline volume ofdistribution. Thls can be accomplished by usmg the followmg
equation:

l/ 2 weight (kg) x 0.5 Lfkg

= 52 kg X 0'5 ng Cl 2 (0.04 Lfkgfhr) X weight (kg)
= 26 L

where:

TEP B
5 Cl = clearance [L/hour; clearance
Using SR's estimated 1/, calculate an appropriate is based on the patient’s actual

theophylline loading dose. body weight}. and

in this situation, we Win slightly modify the 0.04 L/kg/hour= population estimate found in
loading dose Equation 14-2 to the followmg: the literature.

D (de-Cpiw Therefore;

_ SF CI = (0.04 ngfhr) x weight (kg)
[See Equatlon 14-2.)

where: = (0.04 ngihr} X 52 kg

D = th 1 d‘ d ,
e oa ing ose ‘ = 2.08 Uhr

de = the deSIred concentration [milligrams

per liter),

Cpi = the initial concentration [milligrams per STEP B
liter), To solve for a maintenance dose [milligrams per

V = the volume of distribution (liters), hour], we can rearrange and slightly modify Equa-
tion 4-3 to Equation 14-4 as follows:5 2 salt form, and

F = bioavailahility, which is equal to 1 for a : dose
drugs administered intravenously. Cl, x r

(14 mcgme — 3.9 mcgme) x 26 L
D =—— (See Equation 4—3.]1 x 'l

= 262.6 mg D _ 5% Cir
= 260 mg SF
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where: 

D = the maintenance dose (milligrams per 
hour), 

Cpss = average steady-state concentration 
desired (micrograms per milliliter), 

Cl = clearance (liters per hour), 

S = salt form, 

F = bioavailability, and 

t = dosing interval, which is 1 hour for a 
continuous intravenous infusion. 

After inserting the Cl value calculated in Step A, 
Sand Fvalues, a dosing interval of one hour, and our 
desired serum concentration for Cp55 , we can solve 
for the maintenance dose: 

0 
= 12 mcg/ml x 2.08 Uhr x 1 hr 

1 X 1 

= 24.96 mg/hr 

= 25 mg/hr 

Notice that both Sand F for theophylline are 1. 

Problem 3C. SR has been stabilized on his 25 mgjhr 
of theophylline regimen, and his steady-state serum 
theophylline level is now 13.2 mcgjmL. Calculate 
a dose of sustained-release theophylline for SR to 
maintain a theophylline serum concentration of 
12 mcgjmL. 

Many theophylline sustained-release formulations 
follow the same pharmacokinetic profile as contin
uous intravenous infusions. Therefore, we can easily 
make a conversion from a continuous infusion to an 
oral sustained-release formulation as follows: 

STEP A 

Calculate SR's theophylline clearance. 

(See Equation 14-4.) 

Cl = 25 mg/hr x 1 x 1 
13.2 mcg/ml x 1 

= 1.89 Uhr 

STEP B 

Calculate the dose to be given orally every 12 hours. 

O = C Pss CIT 
SF 

(See Equation 14-3.) 

where: 

D = the maintenance dose (milligrams), 

Cp55 = the desired average steady-state 
concentration (micrograms per milliliter), 

Cl = clearance (liters per hour), 

T = dosing interval (hours), 

S = salt form 

F = bioavailability 

0 
= 12 mcg/ml x 2.08 Uhr x 12 hr 

1 X 1 

= 299.5 mg 

= 300 mg 

SR should receive 300 mg of sustained-release 
theophylline orally every 12 hours. 

Note that F for many oral sustained-release 
theophylline preparations is 1. 
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D = the maintenance dose [milligrams per

hour],

Chip” = average steady-state concentration

desired [micrograms per milliliter),

C] = clearancefliters per hour],

5‘ = salt form,

F = bioavailability, and

t 2 closing interval, which is 1 hour for a
continuous intravenous infusion.

After inserting the Cl value calculated in Step A,

5 and Fvalues, a dosing interval ofone hour, and our

desired serum concentration for 5p“, we can solve
for the maintenance dose:

_ 12 mcgme x 2.08 Uhr x 1 hr
1 x l

= 24.96 mgrhr

D

= 25 mgfhr

Notice that both S and Ffor theophylline are 1.

 . SR has been stabilized on his 25 mg/hr

of theophylline regimen, and his steady-state serum

theophylline level is now 13.2 mcg/mL. Calculate

a dose of sustained-release theophylline for SR to

maintain a theophylline serum concentration of

12 mcg/mL.

Many theophylline sustained-release formulations

follow the same pharmacokinetic profile as contin-

uous intravenous infusions. Therefore. we can easily
make a conversion from a continuous infusion to an

oral sustained-release formulation as follows:

STEP A

Calculate SR’s theophylline clearance.

DSF
CI=_

6'me

 

{See Equation 14-4.]

_ 25 mgfhrx1x1

13.2 mcgmexl

21.89 Uhr

Ci

STEP B

Calculate the close to be given orally every 12 hours.

D = Cpss CIT
SF

 

{See Equation 14-3.]

where:

D

Ops.

the maintenance dose (milligrams),

the desired average steady-state

concentration (micrograms per milliliter),

C1 = clearance [liters per hour},

1: = dosing interval [hours),

5 = salt form

F = bioavailability

_12 mcgme x 2.08 Uhr x 12 hr
1Xl

 
D

= 299.5 mg

= 300 mg

SR should receive 300 mg of sustained-release

theophylline orally every 12 hours.

Note that F for many oral sustained-release

theophylline preparations is 1.
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Discussion Points 

W Assume MA in Case 1 is a 64-year-old man 
with significant liver disease due to alco
holism and has severe COPD. How would 
these factors affect the maintenance dose 
you calculated for him? 

1!'1!1 In Case 2, assume CJ does not smoke tobacco, 
but is started on ciprofloxacin for her bron
chitis. How would these changes affect her 
aminophylline maintenance dose? 

I!J[g IfSR in Case 3 had a serum theophylline level 
of 16.2 mcgjmL as a result of his theophyl
line continuous infusion maintenance dose, 
what dose of oral sustained-release theoph
ylline administered every 8 hours would 
he need to achieve a steady-state average 
plasma concentration of 12 mcgjmL? 

1!1191 Based on your experience in the provision 
of direct patient care, design a pharmacy
managed theophylline/aminophylline dosing 
protocol that could be used in your prac
tice setting. This protocol should be written 
from the standpoint that the pharmacist is 
providing complete dosing and monitoring 
of theophylline/aminophylline in a patient 
case (instead of simply providing recommen
dations to a physician to manage). All steps 

Lesson 14 1 Theophylline 

(including equations used) required to effec
tively dose and monitor a patient for which 
theophylline/aminophylline is prescribed 
should be included. Describe in detail how 
you would monitor this drug using serum 
concentrations. Write the order for this drug 
as it would appear in the Physician's Order 
section of the patient's medical record. 

I!B Assume that a 49-year-old female, 5' 8" and 
162 lbs, with a serum creatinine of 
1.26 mgjdL, and white blood cell count 
of 18,300jmm3

, is receiving aminophyl
line as a continuous infusion in the dose of 
38 mgjhour. This dose was initiated at 8 AM 

on 12/1. Describe in detail how you would 
determine when a serum level (and what 
type oflevel) should be obtained. Then write 
an order as it would appear in the Physi
cian's Order section of the patient's medical 
record for how the serum level should 
be obtained. This order should be gram
matically correct, include only approved 
abbreviations, and provide sufficient detail 
so that nursing services can easily follow 
your instructions without having to contact 
you for further clarification. 
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Discussion Points

Assume MA in Case 1 is a 64-year-old man

with significant liver disease due to alco—
holism and has severe COPD. How would

these factors affect the maintenance dose

you calculated for him?

In Case 2, assume C] does not smoke tobacco,

but is started on ciprofloxacin for her bron-

chitis. How would these changes affect her

aminophylline maintenance dose?

lfSR in Case 3 had a serum theophylline level

of 16.2 mcg/mL as a result of his theophyl-
line continuous infusion maintenance dose.

what dose of oral sustainedvrelease theoph-

ylline administered every 8 hours would

he need to achieve a steady-state average

plasma concentration of 12 mcg/mL?

Based on your experience in the provision

of direct patient care. design a pharmacy-

managedtheophylline/aminophyllinedosing

protocol that could be used in your prac-

tice setting. This protocol should be written

from the standpoint that the pharmacist is

providing complete dosing and monitoring

of theophylline/aminophylline in a patient

case [instead ofsimply providing recommen-

dations to a physician to manage). All steps

 

[including equations used) required to effec-

tively dose and monitor a patient for which

theophylline/aminophylline is prescribed
should be included. Describe in detail how

you would monitor this drug using serum

concentrations. Write the order for this drug

as it would appear in the Physician's Order

section of the patient's medical record.

Assume that a 49-year-old female, 5' 8” and

162 lbs, with a serum creatinine of

1.26 mg/dL. and white blood cell count

of 18,300/mm3, is receiving aminophyl-
line as a continuous infusion in the dose of

38 mg/hour. This dose was initiated at 8 AM

on 12/1. Describe in detail how you would

determine when a serum level [and what

type ofievel] should be obtained. Then write

an order as it would appear in the Physi—

cian’s Order section of the patient’s medical
record for how the serum level should

be obtained. This order should be gram-

matically correct. include only approved

abbreviations, and provide sufficient detail

so that nursing services can easily follow

your instructions without having to contact

you for further clarification.
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LESSON 15 

Phenytoin and Digoxin 

Phenytoin 

Phenytoin is an anticonvulsant medication used for many types of seizure disor
ders. Phenytoin is usually administered either orally or intravenously and exhibits 
nonlinear, or Michaelis-Menten, kinetics (see Lesson 10). Unlike drugs under
going first-order elimination (Figure 15-1 ), the plot of the natural logarithm of 
concentration versus time is nonlinear with phenytoin (Figure 15-2). Phenytoin 
is 90% protein bound; only the unbound fraction is active. (Note that patients with 
low serum albumin concentrations will have a higher unbound, or active, fraction 
of phenytoin. This should be factored in when dosing these patients.) 

Phenytoin is metabolized by hepatic enzymes that can be saturated with 
the drug at concentrations within the therapeutic range. Consequently, as the 
phenytoin dose increases, a disproportionately greater increase in plasma concen
tration is achieved. This enzyme saturation process can be characterized with an 
enzyme-substrate model first developed by the biochemists Michaelis and Menten 
in 1913. In this metabolic process, drug clearance is constantly changing (in a 
nonlinear fashion) as dose changes. Drug clearance decreases as drug concentra
tion increases (Figures 15-3 and 15-4). 

To describe the relationship between concentration and dose, a differential 
equation can be written as shown below: 

(See Equation 10-1.) 

where: 

dX _ Vmaxx Css 

df Km+C55 

dX = change in amount of drug; 

dt = change in time; 

vmax = maximum amount of drug that can be metabolized per unit time, 
usually expressed as milligrams per day; 

K111 = Michaelis-Menten constant, representing the concentration of 
phenytoin at which the rate of this enzyme-saturable hepatic 
metabolism is one-half of maximum; and 

Css = average steady-state phenytoin concentration. 

Next, this differential equation can be re-expressed algebraically by assuming 
that we are at steady state and dXj dt is held constant. Then dX/ dt, the change in the 
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LESSON 15

Phenytoin and Digoxin

Phenytoin

Phenytoin is an anticonvulsant medication used for many types of seizure disor-

ders. Phenytoin is usually administered either orally or intravenously and exhibits

nonlinear; or Michaelis—Menten, kinetics [see Lesson 10]. Unlike drugs under—

going first-order elimination [Figure 15-1], the plot of the natural logarithm of

concentration versus time is nonlinear with phenytoin {Figure 15-2). Phenytoin

is 90% protein bound; only the unbound fraction is active. (Note that patients with

low serum albumin concentrations will have a higher unbound, or active, fraction

of phenytoin. This should be factored in when dosing these patients]

Phenytoin is metabolized by hepatic enzymes that can be saturated with

the drug at concentrations within the therapeutic range. Consequently, as the

phenytoin dose increases, a disproportionately greater increase in plasma concen-

tration is achieved. This enzyme saturation process can be characterized with an

enzyme-substrate model first developed by the biochemists Michaelis and Menten

in 1913. In this metabolic process, drug clearance is constantly changing [in a

nonlinear fashion] as dose changes. Drug clearance decreases as drug concentra-

tion increases [Figures 15-3 and 15-4].

To describe the relationship between concentration and dose, a differential

equation can be written as shown below:

dX _ xix 0..

E _ Km+ Cm

I [See Equation 10-1.]
where:

' dX = change in amount ofdrug;

dt = change in time;

link.., 2 maximum amount of drug that can be metabolized per unit time,

usually expressed as milligrams per day;

K : Michaelis—Menten constant, representing the concentration of

phenytoin at which the rate of this enzyme-saturable hepatic
metabolism is one-half of maximum; and

 
C5,. = average steady-state phenytoin concentration.

Next, this differential equation can be re-expressed algebraically by assuming

thatwe are at steady state and dX/dt is held constant. Then dX/dt, the change in the
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FIGURE 15-1. 

Daily Dose 

First-order elimination model. 

amount of drug (X) over time (t), can be expressed 
as X0j-r (dose over dosing interval), as shown in the 
following equation: 

(Xoh)(S) = Vmax x Css 
Km+ Css 

(See Equation 10-1.) 

where: 

X0/T = amount of phenytoin free acid divided 
by dosing interval (which can also be 
expressed as Xd, meaning daily dose of 
phenytoin free acid) and 

S = the salt factor or the fraction of phenytoin 
free acid in the salt form used. S equals 
0.92 for phenytoin sodium injection and 
capsules and 1.0 for phenytoin suspension 
and chewable tablets (i.e., the free acid 
form of phenytoin), and 0.66 for fospheny
toin injection. The oral bioavailability of 
phenytoin is considered to be 100%, so an 
F factor is not needed in these calculations. 

Daily Dose 

FIGURE 15-2. 
Michaelis-Menten elimination model. 
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FIGURE 15-3. 
First-order elimination model. 

Dose 

Clinical Correlate 

Although fosphenytoin is a pro-drug containing 
only 66% phenytoin free acid, it is correctly 
prescribed and labeled in units of PE, meaning 
phenytoin sodium equivalents. The commercial 
fosphenytoin product is packaged to be very 
similar to phenytoin sodium injection; it contains 
150-mg fosphenytoin per 2-ml ampule, 
providing 1 00 mg PE (1 00-mg phenytoin sodium 
equivalents). Fosphenytoin is readily transformed 
to phenytoin free acid by various phosphatases 
throughout the body. 

This Michaelis-Menten equation (MME) can then 
be rearranged to solve for Css as follows: 

(See Equation 10-1.) 

Dose 

FIGURE 15-4. 
Michaelis- Menten elimination model. 
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 PlasmaConcentration
 
 DaflyDoee

FIGURE 15-1.
Firstvorder elimination model.

amount of drug {X} over time [t], can be expressed

as Xo/‘r [dose over dosing interval), as shown in the

following equation:

me 033

Km+ 0
SS

 

(XUJ'IXSl =

(See Equation 10-1.]

where:

an‘t 2 amount of phenytoin free acid divided

by closing interval [which can also be

expressed as Xd, meaning daily dose of

phenytoin free acid] and

.S' = the salt factor or the fraction of phenytoin

free acid in the salt form used. S equals

0.92 for phenytoin sodium injection and

capsules and 1.0 for phenytoin suspension

and chewable tablets (i.e., the free acid

form of phenytoin], and 0.66 for fospheny-

toin injection. The oral bioavailabiiity of

phenytoin is considered to be 100%. so an
F factor is not needed in these calculations.

a
E
§
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E
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Daily Dose

FIGURE 15-2.

Michaelis—Menlen elimination model.

 

 

 

 

 

Clearance  
FIGUHE15-3.
First-order elimination model.

 

Clinical Correlate

Although fosphenytoin is a pro-drug containing

only 66% phenytoin free acid, it is correctly

prescribed and labeled in units of PE, meaning

phenytoin sodium equivalents. The commercial

fosphenytoln product is packaged to be very

similar to phenytoin sodium injection; it contains

iSU-mg fosphenytoin per 2-mL ampule,

providing 100 mg PE (100-mg phenytoin sodium

equivalents). Fosphenyloin is readily transformed

to phenytoin free acid by various phosphatases

throughout the body.

 
This Michaelis—Menten equation {MME} can then

be rearranged to solve for C” as follows:

V&ux C“

Km+ 055
(min =

 

[See Equation 10—1.}

Clearance
 

Dose

 
FIGUHE15-4.
Michaelis—Menten elimination model.
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First, cross-multiply by the denominator: 

Then transpose [(Xo/r)(S) X cssl to the right side of 
the equation: 

Factor out Css : 

Transpose [Vmax - (X0/r) (S)] to the left side of the 
equation: 

C = (X0h)(S) X Km 
ss Vmax -(Xoh)(S) 

The two representations of the MME below can 
now be used for phenytoin dosing, as illustrated in 
the following cases: 

(See Equation 10-1.) 

C = (X0 h)(S) x Km 
ss Vmax -(Xoh)(S) 

Phenytoin Pharmacokinetic Parameters 

In contrast to first-order drugs that use pharmaco
kinetic parameters for K and V, phenytoin dose 
calculations use population estimates for K111 and 
Vmax· A Km population estimate of 4 mg/L and a Vm ax 
estimate of 7 mgjkgjday are commonly used. Note, 
however, that Km can range from 1 to 15 mg/L while 
vmax can range from 3 to> 10 mgjkgjday in selected 
patients. Phenytoin's volume of distribution is 
usually estimated as 0.65 L/kg total body weight. 
Last, phenytoin trough serum drug concentrations 
(meaning in this case, at least 8 to 12 hours after 
last oral dose) are usually used in dosing adjustment 
calculations to avoid unpredictable rates and extent 
of drug absorption from various dosage forms. 

Lesson 15 I Phenytoin and Digoxin 

CASE1 
SG, a 42-year-old black man, is admitted 
to the hospital with status epilepticus that 
was successfully treated with intravenous 
lorazepam. His physician has written an order 
for the pharmacy to calculate and order an IV 
phenytoin loading dose, recommend an initial 
oral maintenance dose, and order timing of 
plasma concentrations. Other pertinent clinical 
data include weight, 75 kg; height, 5' 8"; serum 
creatinine, 1.2 mg/dl; and serum albumin, 4.8 g/dl. 

l#lli1i'U#)III r4 What intravenous loading dose and 
oral maintenance dose would you recommend to 
achieve and maintain a phenytoin concentration of 
approximately 20 mg/L? 

Calculation of the loading dose is not affected by 
the nonlinear pharmacokinetics of multiple-dose 
phenytoin regimens. The loading dose calculation 
is based on the patient's weight, estimated volume 
of distribution, serum albumin concentration, renal 
function assessment, and the salt form (i.e., salt 
factor) of phenytoin used. The generally accepted 
population parameter for phenytoin's volume of 
distribution is 0.65 L/kg of body weight. The loading 
dose (X0 ) formula is: 

X = v X c desired 

0 s 
(See Equation 1-1.) 

where: 

V = volume of distribution estimate of 0.65 L/kg 
[V = 0.65 Ljkg (75 kg) = 48.8 L for SG], 

cdesired= concentration desired 1 hour after the end 
of the infusion (20 mg/L for SG), and 

S = salt factor (0.92 for injection). Note that 
this dose falls within the empiric loading 
dose range of 15-20 mgjkg. 

Therefore: 

X = (48.8 L)(20 mg/L) 
0 0.92 

= 1 060 mg of phenytoin sodium 
or fosphenytoin PE injection 
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First, cross-multiply by the denominator:

[(Xoftlis l X Karl + [(Xo/TMS l X Carl = Vrnax X 05.5:

Then transpose [[XD/TMS) x Cu] to the right side of

the equation:

[(XDITMS) X Km] = [Vina X 035] _ “XE/1X8) X 083]

Factor out CE:

[lXoiT)(5) X K...] = Csslvrnax - (XnitNSll

Transpose [Vm -{Xfl}1:][S]] to the left side ofthe

equation:

0 : {ant}(S)XKm
” manners;

The two representations of the MME below can

now be used for phenytoin dosing, as illustrated in

the following cases:

 l/ x C
X f S 2 ma“ 5“

( o T)( J Km+ 085

[See Equation 10-1.]

(Xoh)(S)me

15—1 Cs =W1113::

Phenytoin Pharmacokinetic Parameters

in contrast to first-order drugs that use pharmaco-

kinetic parameters for K and V, phenytoin dose

calculations use population estimates for K"1 and

Um. A K", population estimate of 4 mg/L and a VW

estimate of 7 mg/kg/day are commonly used. Note.

however, that Km can range from 1 to 15 mg/L while

Vnm can range from 3 to > 10 mg/kg/day in selected

patients. Phenytoin’s volume of distribution is

usually estimated as 0.65 L/kg total body weight.

Last. phenytoin trough serum drug concentrations

[meaning in this case, at least 8 to 12 hours after

last oral dose] are usually used in closing adjustment

calculations to avoid unpredictable rates and extent

of drug absorption from various dosage forms.

Lesson 15 | Phenytoin and Digoxin
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CASE 1

SE, a 42-year-old black man, is admitted

to the hospital with status epilepticus that

was successfully treated with intravenous

Iorazepam. His physician has written an order

for the pharmacy to calculate and order an IV

phenytoin loading dose. recommend an initial

oral maintenance dose. and order timing of

plasma concentrations. Other pertinent clinical

data include weight. 75 kg: height. 5' 8": serum

creatinine. 1.2 mg/dL; and serum albumin. 4.8 gde.
_

l—Jr'r_:al'.::ulr_-_--:.I'H no. What intravenous loading dose and

oral maintenance dose would you recommend to

achieve and maintain a phenytoin concentration of

approximately 20 mg/L?

 

Calculation of the loading dose is not affected by

the nonlinear pharmacokinetics of multiple-dose

phenytoin regimens. The loading dose calculation

is based on the patient‘s weight, estimated volume
of distribution, serum albumin concentration, renal

function assessment, and the salt form [i.e., salt

factor) of phenytoin used. The generally accepted

population parameter for phenytoin’s volume of

distribution is 0.65 L/kg ofbody weight. The loading

dose {Xe} formula is:

_ V X Cdcsiled
8X0

[See Equation 1-1.}

where:

V: volume of distribution estimate of 0.65 L/kg

[V2 0.65 1.ng [75 kg] = 48.8 L for 5G].

CM“: concentration desired 1 hour after the end

of the infusion [20 mg/L for SG). and

S = salt factor (0.92 for injection). Note that

this dose falls within the empiric loading

dose range of 15-20 mg/kg.

Therefore:

X _ (48.8 L)(20 rug/L)
“ 0.92

21060 mg of phenytoin sodium

or fosphenytoin PE injection
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We could then order a dose of 1000 mg of phenytoin 
mixed in 100 mL of normal saline given intrave
nously via controlled infusion. The administration 
rate for phenytoin sodium injection should not 
exceed SO mgjminute to avoid potential cardio
vascular toxicity associated with the propylene 
glycol diluent of the phenytoin injection. The accu
racy of this loading dose estimate can be checked by 
obtaining a phenytoin plasma drug concentration 
approximately 1 hour after the end of the loading 
dose infusion. Alternatively, we could give this 
1000 mg of phenytoin sodium as the fosphenytoin 
salt (Cerebyx®) also at a dose of 1000 mg PE (i.e, 
phenytoin sodium equivalents) of fosphenytoin at 
a rate of 150 mgjmin. Both doses will deliver the 
same amount (920 mg) of phenytoin free acid. 

Clinical Correlate 

Phenytoin sodium injection uses a propylene 
glycol base as its vehicle and will precipitate in 
most IV fluids. It is most compatible in normal 
saline but can even precipitate in this fluid and 
clog an existing inline IV filter if one is being 
used. Propylene glycol is a cardiotoxic agent and 
can cause various complications, such as bradycardia 
and hypotension. An alternative is to use the newer 
fosphenytoin injection, which is compatible with 
many IV fluids and can also be administered safely at 
a faster rate (up to 150 mg/minute). 

Maintenance Dose Calculations 
Several methods to calculate maintenance dose are 
described, with each method requiring more serum 
drug concentrations and yielding more accurate 
dosing estimates. Phenytoin dosage adjustments 
using these methods are more commonly done in 
the outpatient setting because they require steady
state concentrations that may take more than 2 
weeks to be attained. 

There are two methods to calculate an initial daily 
maintenance dose (Xd): an empiric method and a 
method based on estimating the patient's vmax and K,)). 

Clinical Correlate 

The Phenytoin Cheat Sheet at the end of the 
Maintenance Dose Calculations section is a 
concise review of the equations and sequencing 
for the three dose calculation methods. 

Method 1A (Empiric) 

Multiply SG's weight of 75 kg by 5 mgjkgjday to get 
an estimated dose of 3 7 5 mg of phenytoin free acid 
or 408 mg of phenytoin sodium, which would be 
rounded to 400 mg. This dose of 400 mgjday may 
be divided into 200 mg twice daily, if necessary, to 
decrease the likelihood of enzyme saturation and 
reduce concentration-dependent side effects. This 
assumes that the patient has an average Km and Vmax· 

Method 1 B (Population Parameters) 

Substitute population estimates for Vmax and Km into 
the MME and solve for the dose as follows: 

(See Equation 10-1 .) 

Therefore: 

X (0.92) = 525 mg/day x 15 mg/L 
d 4 mg/L + 15 mg/L 

7875 mg2Uday 
= 

19 mg/L 

~ 415 mg/day of phenytoin8 

X = 415 mg/day 
d 0.92 

rounded to 450 mg/day 
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We could then order a dose of1000 mg of phenytoin

mixed in 100 mL of normal saline given intrave-

nously via controlled infusion. The administration

rate for phenytoin sodium injection should not

exceed 50 mg/minute to avoid potential cardio-

vascuiar toxicity associated with the propylene

glycol diluent of the phenytoin injection. The accu—

racy of this loading dose estimate can be checked by

obtaining a phenytoin plasma drug concentration

approximately 1 hour after the end of the loading

dose infusion. Alternatively, we could give this

1000 mg of phenytoin sodium as the fosphenytoin

salt [Cerehyxw] also at a dose of 1000 mg PE [i.e,

phenytoin sodium equivalents] of fosphenytoin at

a rate of 150 mg/niin. Both doses will deliver the

same amount [920 mg] of phenytoin free acid.
 

Clinical Correiate

Phenytoin sodium injection uses a propylene

glycol base as its vehicle and will precipitate in

most IV fluids. It is most compatible in normal

saline but can even precipitate in this fluid and

clog an existing inline IV tiiter if one is being

used. Propylene glycol is a cardiotoxic agent and

can cause various complications, such as bradycardia

and hypotension. An alternative is to use the newer

fosphenytoin injection, which is compatible with

many IV fluids and can also be administered safely at

afaster rate {up to 150 mg/minute).

Maintenance Dose Calculations

Several methods to calculate maintenance dose are

described, with each method requiring more serum

drug concentrations and yielding more accurate

dosing estimates. Phenytoin dosage adjustments

using these methods are more commonly done in

the outpatient setting because they require steady-

state concentrations that may take more than 2
weeks to be attained.

There are two methods to calculate an initial daiiy

maintenance dose [Xd]: an empiric method and a

method based on estimating the patient's 11m. and Km.

 

Clinical Correlate

The Phenytoin Cheat Sheet at the end of the
Maintenance Dose Calculations section is a

concise review of the equations and sequencing
for the three dose calculation methods.
 

Method 1A (Emptric)

Multiply SG’s weight of 75 kg by 5 mg/kg/day to get

an estimated dose of 375 mg of phenytoin free acid

or 408 mg of phenytoin sodium, which would be

rounded to 400 mg. This dose of 400 mg/day may

be divided into 200 mg twice daily, if necessary, to

decrease the likelihood of enzyme saturation and

reduce concentration-dependent side effects. This

assumes that the patient has an average Km and V
I'I'IiJX‘

Method 18 (Population Parameters)

Substitute population estimates for V and K into
I'HFIK ill

the MME and solve for the dose as follows:

X” X8 = I/n'liiJI:X 055
Km+ 1335

{See Equation 10-1.)

Therefore:

525 mgtday x 15 mgiLX 0.92 =
”( ) 4mgfL+15mgtL

_ 7875 mgszay

_ 19 mgtL

= 415 mgtday of phenytoinQiree acid)

X _ 415 mgtday
” 0.92

\= 451 mgtday oi the<shdium saltpi ohenytoin,
rounded to 450 mgtda—y—F
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where: 

vmax =population estimate of maximum rate of 
drug metabolism (7 mgjkgj day x 7 5 kg = 
525 mgjday), 

K, = population estimate of Michaelis-Men ten 
constant ( 4 mg/L ), 

Css = desired average steady-state plasma 
concentration of 15 mg/L, and 

S = salt factor (0.92 for phenytoin sodium 
capsules). 

Note how the units in the equation cancel out, 
yielding mg/ day as the final units. 

This calculation of 415 mg of phenytoin free 
acid is larger than our empiric estimate of 375 mgjday, 
showing that the empiric method of 5 mgjkgjday 
results in a lower value for SG's initial phenytoin 
maintenance dose. In SG's case, although this would 
equal a daily dose of four 100-mg phenytoin sodium 
capsules plus one 50-mg phenytoin tablet (which 
is phenytoin free acid), a patient would usually be 
started on 400 mgjday (200 mg BID) and titrated 
up to 450 mg if needed based on plasma phenytoin 
drug concentrations. 

Problem 18. When would you recommend that 
steady-state plasma concentrations be drawn? 

It is difficult to calculate when multiple dosing 
with phenytoin will reach steady state because the 
time to steady state is concentration dependent. 
With drugs that undergo first-order elimination, 
steady state can be reached in three to five drug 
half-lives because this model assumes that clear
ance and volume of distribution are constant. 
However, because of its capacity-limited metabo
lism, phenytoin clearance decreases with increasing 
concentration. Therefore, the calculation of time to 
reach steady state is quite complicated and cannot 
be based on half-life. In fact, phenytoin does not 
have a true half-life; its half-life is dependent on 
drug concentration. 

The major factor in determining how long it will 
take to attain steady state is the difference between 
Vmax and the daily dose. The closer Vmax is to the dose, 
the longer it will take to achieve steady state. This 
relationship between vmax and concentration can 

Lesson 15 I Phenytoin and Digoxin 

be derived mathematically by examining the equa
tions used to calculate dose for first- and zero-order 
models. We will start by rearranging two definitions 
in the first-order model: 

X 
C

55 
= - 0 rearranges to X0 = C

55 
x V v 

(See Equation 1-1.) 

And 

Cl1 = VK rearranges to V = Sl 
K 

so, by substituting for V: 

c" X Cl, from our first-order equation can be substi
tuted for X01T in the zero-order equation derived in the 
introduction: 

(See Equation 10-1.) 

Substituting C,, x Cl, for X01T yields: 

Cl X c = vmax x c ss 
I ss K c 

/1) + ss 

Solving for Cit: 

This equation can now be rearranged to represent 
clearance in terms of vmax and c ss as shown: 

235 
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where:

VW = population estimate ofmaximum rate of

drug metabolism (7 mg/kg/day x 75 kg =

525 mg/day],

Km 2 population estimate ofMichaeliSeMenten

constant [4 mg/L],

C“ = desired average steady-state plasma

concentration of 15 ing/L. and

S = salt factor [0.92 for phenytoin sodium

capsules).

Note how the units in the equation cancel out,

yielding mg/day as the final units.

This calculation of 415 mg of phenytoin free

acid is larger than our empiric estimate of 375 mg/day

showing that the empiric method of 5 mg/kgfday

results in a lower value for SG’s initial phenytoin

maintenance dose. In SG’s case, although this would

equal a daily dose offour 100-mg phenytoin sodium

capsules plus one Eli-mg phenytoin tablet [which

is phenytoin free acid], a patient would usually be

started on 400 mg/day (200 mg BID] and titrated

up to 450 mg if needed based on plasma phenytoin

drug concentrations.

F"r'c:.:i::iir}.=r'i"| '| H.  When would you recommend that

steady-state plasma concentrations be drawn?

It is difficult to calculate when multiple dosing

with phenytoin will reach steady state because the

time to steady state is concentration dependent.

With drugs that undergo first-order elimination.

steady state can be reached in three to five drug
half-lives because this model assumes that clear-

ance and volume of distribution are constant.

However, because of its capacity-limited metabo-

lism, phenytoin clearance decreases with increasing
concentration. Therefore, the calculation of time to

reach steady state is quite complicated and cannot

be based on half-life. In fact, phenytoin does not

have a true half-life; its haif—life is dependent on

drug concentration.

The major factor in determining how long it will

take to attain steady state is the difference between

VW and the daily dose. The closer Vm is to the dose,

the longer it will take to achieve steady state. This

relationship between VW and concentration can

be derived mathematically by examining the equa-
tions used to calculate dose for first- and zero-order

models. We will start by rearranging two definitions
in the first-order model:

0 =3} rearranges to X55 [J :6;va

[See Equation 1-1.]

And

CIr : VK rearranges to V 2%

so, by substituting for V:

_ Css XC-lf
— K

 

X0 or X” xK :05 :40.

C” x CI, from out first-order equation can be substi-

tuted for A’Uf‘t in the zero-order equation derived in the
introduction:

XD {’1 = Vlllfllx 055
K + CH? $

[See Equation 104.)

Substituting C“ x C], for A1.” yields:

l/ X05
ctxcfiK—Cb

Solving for C1,:

(Css x Cl; x Km) + (Clf x 0552) = Vm x 055

CS}. x CIr x Km Clr x C;..——+ _
—— _ VI'I'IEX

055 055

(CI, X K...) + (Cl X 05..) = Vma

Clr (Km + If:55) = L'tlnaai

This equation can now be rearranged to represent

clearance in terms of V and C.“ as shown:
lllu'lX

V
cl : max

I Kill + CSS
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where: 

Clt = clearance of phenytoin; 

Vm ax = maximum rate of drug metabolism, usually 
expressed as milligrams per day, 

Km = Michaelis-Menten constant, representing 
the concentration of phenytoin at which 
the rate of this enzyme-saturable hepatic 
metabolism is half of maximum, and 

Css = average steady-state phenytoin concentration. 

Examination of this equation shows that when Css 
is very small compared to Km, Clt will approximate 
Vmax!Km, a relatively constant value. Therefore, at 
low concentrations, the metabolism of phenytoin 
follows a first-order process. However, as Css 
increases to exceed Km, as is usually seen with thera
peutic concentrations of phenytoin, Clt will decrease 
and metabolism will convert to zero order. We can 
calculate an estimate of the time it takes to get to 
90% of steady state using the following equation: 

(See Equation 10-4.) 

where: 

t90% = estimated number of days to get to 90% of 
steady state, 

xd = daily dose of phenytoin (in mgjday), 

V = volume of distribution, 

vmax = maximum rate of drug metabolism (in 
milligrams per day), and 

Km = Michaelis-Menten constant. 

This equation is derived from a complex integration 
of the differential equation describing the difference 
between the rate of drug coming in (i.e., the daily 
dose) and the rate of drug going out of the body. 
This equation gives us an estimate of when to draw 
steady-state plasma concentrations and is based 
on the assumption that the beginning phenytoin 
concentration is zero. In patients such as SG, who 
have previously received a loading dose, t90% may be 
different, usually shorter, unless the loading dose 
yielded an initial concentration greater than that 
desired, in which case t90% would be even longer. 

Clinical Correlate 

The ~o% equation is a very rough estimate of time 
to 90% of steady state and should be used only 
as a general guide. The clinician should check 
nonsteady-state phenytoin concentrations before 
this time to avoid serious subtherapeutic or 
supratherapeutic concentrations. 

In patient SG's case, t90% is calculated as follows: 

(See Equation 10-4.) 

where: 

Km = 4 mgjL, 

Vm ax = 7 mgjkgjday X 75 kg (525 mgjday), 

X"= 415 mgjday of phenytoin (free acid), and 

v = 0.65 L/kg X 75 kg ( 48.8 L). 

Therefore: 

t _ 4 mg/L x 48.8 L 
90

% - (525 mg/day- 415 mg/day)2 

[(2.3 x525 mg/day)-(0.9 x 415 mg/day)] 

= 0.016(834) 

= 13.34 days 

Note how the units cancel out in this equation, 
leaving the answer expressed in days, not hours. 
This equation estimates that it will take SG approx
imately 14 days for his phenytoin concentration to 
reach steady state with a desired Css concentration 
of 15 mg/L. 

Close inspection of this calculation illustrates 
the impact that the denominator-the difference 
of v max and daily dose-has on the time it takes to 
reach steady state. For example, if we assume that 
SG's daily dose was 500 mgjday, we can re-solve 
the t90% equation with strikeouts showing the 
changes. 
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where:

C]. = clearance ofphenytoin;

Vm = maximum rate of drug metabolism, usually

expressed as milligrams per day,

K," — Michaelis—Menten constant. representing

the concentration of phenytoin at which

the rate of this enzyme~saturable hepatic
metabolism is half of maximum. and

C”. = average steady-state phenytoin concentration.

Examination of this equation shows that when Cs,

is very small compared to K,,,, C]t will approximate

Vnm/Km, a relatively constant value. Therefore, at

low concentrations, the metabolism of phenytoin

follows a first-order process. However, as C“

increases to exceed K,,,, as is usually seen with thera-

peutic concentrations ofphenytoin, ClI will decrease
and metabolism will convert to zero order. We can

calculate an estimate of the time it takes to get to

90% ofsteady state using the following equation:

K XV

Isms = WUZP’X Vm) _ (09X Xdl]

[See Equation 10-4.]
where:

rm, = estimated number of days to get to 90% of

steady state,

XKr 2 daily dose of phenytoin [in rug/day).

V = volume of distribution,

V...“ — maximum rate of drug metabolism [in

milligrams per day], and

K = Michaelis—Menten constant.IN

This equation is derived from a complex integration

ofthe differential equation describing the difference

between the rate of drug coming in (Le, the daily

dose] and the rate of drug going out of the body.

This equation gives us an estimate of when to draw

steady-state plasma concentrations and is based

on the assumption that the beginning phenytoin

concentration is zero. In patients such as SG, who

have previously received a loading dose, £90.“; may be

different, usually shorter, unless the loading dose

yielded an initial concentration greater than that

desired, in which case tmt would be even longer.

 

Clinical Correlate

The rm equation is a very rough estimate of time

to 90% of steady state and should be used only

as a general guide. The clinician should check

nonsteady-state phenytoin concentrations before

this time to avoid serious subtherapeutic or

supratherapeutic concentrations.
m

In patient SG's case. £90.“, is calculated as follows:

K... xv
; = 2[case/M)—(o.s><X..)]
90% (Vmax _ 9'

[See Equation 10-4.]

where:

K... = 4 ms/L.

if"m = 7 mg/kg/day x 75 kg [525 trig/clay)t

X,, = 415 mgfday ofphenytoin [free acid], and

v = 0.65 L/kg x 75 kg [48.8 L).

Therefore:

4 mgfL x 48.8 L
rm =—2

(525 mgiday —41 5 mgiday}

[(2.3x525 mgiday)—(0.9x415 mgz’davl]

= 0.016(834)

=13.34 days

Note how the units cancel out in this equation,

leaving the answer expressed in days, not hours.

This equation estimates that it will take SG approx-

imately 14 days for his phenytoin concentration to

reach steady state with a desired Cu. concentration

of 15 mg/L.

Close inspection of this calculation illustrates

the impact that the denominatorrthe difference

of Vnm and daily dose-whas on the time it takes to

reach steady state. For example, if we assume that

56’s daily dose was 500 mg/day, we can resolve

the £90.”. equation with strikeouts showing the

changes.
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t = 4 mg/L x 48.8 L 
90

% (525 mg/day- 500 4-t-B- mg/day)2 

[(2.3 x 525 mg/day)- (0.9 x 500 4-t-B- mg/day) J 

= 4
(
48

·
8
) [2.3(525)-0.9(500)] 

525-500 

= 195
·
2 

(1207.5- 450) 
252 

= 0.312(757.5) 

= 236.6 days 

This means that, theoretically, it would now take 
approximately 237 days for patient SG to reach 
steady state on a dose of 500 mgjday. Of course, SG 
would actually show signs of toxicity long before he 
reached steady state, but this illustrates the effect 
the difference of dose (and v max• similarly) has on the 
calculation of time to steady state. In fact, if the daily 
dose exceeds vmax• steady state is never achieved. 

CASE2 
For this case, we use the data presented in Case 
1 and continue treating patient SG. A phenytoin 
plasma concentration (free acid) of 6 mg/L is 
drawn 18 days after the beginning of therapy. 
Although SG's seizure frequency has decreased, 
he is still having occasional seizures, and his 
physician has decided to adjust his dosing regimen 
to attain a plasma concentration of 15 mg/L. 

Method 2 (One Steady-State Level) 

li#li'i]iU#)II*'..I4 Calculate an appropriate dosing regimen 
to attain our desired concentration of 15 mg/L. 

Now that we have one steady-state concentration, we 
can calculate a new maintenance dose for SG. This is 
done using the basic MME with two unknowns, Vmax 

and Km. We can use a population estimate for one 
of the unknowns (usually Km), solve for the other 
unknown, and then recalculate the new dose once 

Lesson 15 I Phenytoin and Digoxin 

again using the MME. This method is preferred over 
using population estimates for both unknowns. For 
SG, this calculation is as follows: 

(See Equation 10-1.) 

First, rearrange the MME to isolate Vmax : 

V' = (415 mg/day)(4 mg/L + 6 mg/L) 
max (6 mg/L) 

( 415 mg/day)(1 0 mg/L) 
=~--~~~--~~ 

(6 mg/L) 

(4150 mg2 /day x L) = ------------
(6 mg/L) 

= 691.67 mg/day, rounded to 690 mg/day 

(See Equation 10-1.) 

where: 

vmax = calculated estimate of patient's vmax• 

Km = population estimate of 4 mgjL, 

Xd X 5 = patient'S daily dOSe Of phenytoin 
( 415 mg/ day offree acid), and 

Css = reported steady-state concentration 
(6 mg/L). 

So SG's new estimated Vm ax is 690 mgjday, which is 
larger than the population estimate of 525 mgjday, 
meaning that he has a greater phenytoin clearance 
than first estimated. 

We now take the new Vmax and the MME for our 
new dose and use it in the MME to solve for X" as 
follows: 

(See Equation 10-1.) 

237 
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i‘ _ 4 mgfL x 48.8 L
9‘“ " {525 mgfday —500 44s» mgioaiy)2

[(2.3 x 525 mgfdav) — (0.9x 500 44s mgidayi]

= 4048.8)
525—500

= 1g£02015 —4so)
252

[gonzo—0.960(3)]

= 0.3120575)

= 236.6 days

This means that, theoretically, it would now take

approximately 237 days for patient 50 to reach

steady state on a dose of 500 mg/day. Of course, SG

would actually show signs of toxicity long before he

reached steady state, but this illustrates the effect

the difference ofdose [and V,,,,,, similarly] has on the

calculation oftime to steady state. In fact, ifthe daily

dose exceeds Vlm, steady state is never achieved.

 

CASE 2

For this case, we use the data presented in Case

1 and continue treating patient SG. A phenytoin

plasma concentration (free acid} of 6 mglL is

drawn 18 days after the beginning of therapy.

Although SG's seizure frequency has decreased,

he is still having occasional seizures, and his

physician has decided to adjust his dosing regimen

to attain a plasma concentration of 15 mgrL.
 

Method 2 (One Steady-State Level)

 Pi-'r.-,-I':aler'1-1 .14 Calculate an appropriate dosing regimen

to attain our desired concentration of 15 mg/L.

Now thatwe have onesteady—stateconcentration, we
can calculate a new maintenance close for 50. This is

done using the basic MME with two unknowns, 11m,

and Km. We can use a population estimate for one

of the unknowns [usually Km]. solve for the other

unknown, and then recalculate the new dose once

again using the MME. This method is preferred over

using population estimates for both unknowns. For
SG, this calculation is as follows:

mex 055
K +0m 55deS=

 

(See Equation 10-1.]

First, rearrange the MME to isolate Ii"l -

v 2 (X, x 3me + cg)
max 0SS

2 (415 mgidayih mgiL + e mgit)
”a" (6 mgfL)

(415 mgiday)(1 0 mgfL}

(6 mgit}

 

(4150 mgzi’day xL)

(6 mgfL)

= 691.6? mgi’day, rounded to 690 mgfday

(See Equation 10-1.]

where:

11m = calculated estimate of patient’s VW.

K", 2 population estimate of4- mg/L,

X, x S = patient's daily dose of phenytoin

[415 rug/day of free acid], and

C” = reported steady-state concentration

[6 Ins/L]-

So SG’s new estimated Vmax is 690 mg/day, which is

larger than the population estimate of525 mngay.

meaning that he has a greater phenytoin clearance
than first estimated.

We now take the new V,“ax and the MME for our

new dose and use it in the MME to solve for X,, as
follows:

I/maxx 035
K +0in 55

 

XHXS—T-

(See Equation 10-1.]
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X x 5 = 690 mg/day x 15 mg/L 
d 4 mg/L + 15 mg/L 

1 0,455 mg2 /day x L 
=-----=----.:.__-

19 mg/L 

= 544.7 4 mg/day 

Xd (0.92) = 545 mg/day of phenytoin free acid 

where: 

Xd = 587 mg/day of phenytoin sodium, 
rounded to 590 mg/day 

)(1 x S = new dose of phenytoin sodium (S = 0.92), 

c" = desired steady-state concentration of 
15 mg/L, 

K"' = population estimate of 4 mg/L, and 

~""' = calculated estimate (690 mg/day). 

Therefore, SG's new dose would be 590 mgjday 
as phenytoin sodium capsules in divided doses, 
which is equivalent to 545 mg of phenytoin free 
acid. Because this is a large increase in dose, it may 
saturate the patient's hepatic enzymes, causing the 
plasma concentration to increase disproportion
ately. The practitioner may decide to give a lower 
dose initially. Again, note how units cancel out in 
this equation, yielding mgjday. 

Clinical Correlate 

Phenytoin doses are usually increased by 
25- 1 00 mg/day. Because the clinical accuracy 
using this first method is not as accurate and 
predictive as those for the aminoglycosides and 
theophylline, good clinical judgment is required 
when recommending a dose. 

Problem 28. When should a plasma phenytoin 
concentration be drawn? 

We can recalculate when SG's phenytoin concen
tration will reach steady state on this new dose. 
Remember, time to 90% of steady state (t90%) is 
dependent on plasma drug concentration. SG's new 
estimate of t90% is calculated as follows: 

(See Equation 10-4.) 

Therefore: 

t _ 4 mg/L x 48.8 L 
90

% - (690 mg/day - 545 mg/day)2 

[(2 .3x 690 mg/day) - (0.9 x 545 mg/day)] 

= 1 0.18 days for new t90% to be reached 

where: 

K, = population estimate ( 4 mg/L ), 

vmax = calculated estimate based on one steady
state concentration (697 mgjday), 

xd = daily dose of 552 mgjday of phenytoin free 
acid, and 

V = population estimate of volume of 
distribution (48.8 L). 

Note that our new t90% is slightly smaller than the 
previous estimate because the difference between 
vmax and dose is now greater. 

Method 3 (Two Steady-State Levels) 

Problem 2C. Three weeks later, SG's plasma 
phenytoin concentration is 20 mg/ L. He is now 
seizure free, and his physician wants to adjust his dose 
to get his plasma concentration back to 15 mg/ L. Note 
that SG states that he has been taking his phenytoin 
exactly as prescribed. What dose would you now 
recommend to achieve a plasma phenytoin concen
tration of 15 mg/L? 

Now that we have measured two different steady
state concentrations at two different doses, we can 
make an even more accurate dosing change. 

As shown in Lesson 14, clearance can be expressed 
as X,tfCss' resulting in the plot in Figure 15-5. 

We can now plot both steady-state doses (X1 

of 415 mgjday and X2 of 545 mgjday) on the 
y-axis and both steady-state Xc~/Css values (X1/ C1 = 
415/6 Ljday and Xz/C2 = 545/20 Ljday) on the 
x-axis, thus linearizing these relationships. This 
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690 mgiday x 15 mgiL
Xd><5=

4 mgiL+15 mgiL

_ 10,455 mgiidav x L

19 mgiL

= 544.?4 mgiday

X,{0.92) z 545 mgiday of phenyloin free acid

X, : 587 mgrday of phenylcin sodium.

rounded to 590 mglday

where:

X, x S = new close ol‘phenytoin sodium (.5 = 0.92).

C, = desired steady-stale concentration of

15 mgiL,

K", = population estimate oféi mg/L, and

FM = calculated estimate (690 lngiday).

Therefore, SG’s new dose would be 590 rag/day

as phenytoin sodium capsules in divided doses,

which is equivalent to 545 mg of phenytoin free

acid. Because this is a large increase in dose, it may

saturate the patient’s hepatic enzymes, causing the

plasma concentration to increase disproportion-

ately. The practitioner may decide to give a lower

dose initially. Again, note how units cancel out in

this equation, yielding rug/day.
 

Clinical Correlate

Phenytcin doses are usually increased by

25—100 mgi'day. Because the clinical accuracy

using this first method is not as accurate and

predictive as those for the aminoglyccsides and

theophylline, good clinical judgment is required

when recommending a dose.
—

 I'—'*r.::.lislice-iii 28. When should a plasma phenytoin
concentration be drawn?

We can recalculate when SG's phenytoin concen-

tration will reach steady state on this nevi.r dose.

Remember, time to 90% of steady state (tam) is

dependent on plasma drug concentration. SG’s new

estimate of $90.“, is calculated as follows:

K XV

rm :W[(2.3><VM)+(U.QXXU}]"133‘

[See Equation 10-4.]

Therefore:

i i 4 mgiL x 48.8 L
9”“ (890 mgiday — 545 rug/day)?

[(2.3 x 590 mgiday) —(U.9x 545 mgidayij

210.18 days for new rm to be reached

where:

Km = population estimate {4- mg/L),

V, - calculated estimate based on one steady-Iialr _

state concentration (697 mg/day),

X, = daily dose of 552 mg/day of phenytoin free
acid, and

V = population estimate of volume of

distribution [48.8 L).

Note that our new £99.“, is slightly smaller than the

previous estimate because the difference between

[I'm and dose is now greater.

Method 3 (Two Steady-State Levels)

Firs: :-|:::I|-::-i‘!' i 'I _i'._..i.
 Three weeks later, SG's plasma

phenytoin concentration is 20 mg/L. He is now

seizure free, and his physician wants to adjust his dose

to get his plasma concentration back to 15 mg/L. Note

that 50 states that he has been taking his phenytoin

exactly as prescribed. What dose would you now

recommend to achieve a plasma phenytoin concen—

tration of15 mg/L?

Now that we have measured two different steady-
state concentrations at two different doses, we can

make an even more accurate dosing change.

As shown in Lesson 1 4, clearance can be expressed

as X,,/C1,, resulting in the plot in Figure 15-5.

We can now plot both steady-state doses [X,

of 415 mg/day and X2 of 545 mg/day) on the

y-axis and both steady-state Xd/C“ values {XI/C, =

415(6) Lfday and XZ/C2 = 545/20 LIday] on the

x-axis, thus linearizing these relationships. This
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Enroll anytime! Online registration and additional details 

are available at www.georgiacenter.uga.edu/ kinetics. 

How long do I have to complete the course? 

You have up to 15 weeks to complete Option #1, and an 

additional three months to complete the certificate program 
(Option #2). You will have up to three months to complete 
Option #3. 

Are there course prerequisites? 
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for comprehensive details! 

(ill) 
I 7 8 5 
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~ 
American Society of 
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What are the technical requirements for the course? 

You must have access to the Internet, a personal e-mail 

account, and a JavaScript-enabled Web browser with the 
Adobe Flash plug-in. For more details and to view animated 
examples (i.e., sliders, formulations, diagrams, etc.), go to 

our website. 

Do I need to purchase the textbook? 

Yes. To complete the course, you will need Concepts in 

Clinical Pharmacokinetics by Joseph T. DiPiro, William J. 
Spruill, and William E. Wade. 

Can I move about the course and study the lessons 
in any order, or must I follow the lessons in 
numerical order? 

You must begin with Lesson 1 and progress through each 
lesson as presented. Your successful completion of each 

lesson quiz will allow you to progress to the next lesson. 

Details subject to change. 

Register today! Go to 
www.georgiacenter. uga.edu/kinetics 
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Clearance (XJC •• ) 

FIGURE 15-5. 
Relationship of daily dose to clearance. 

allows us to express the relationship in the alge
braic form for a straight line, Y = mX + b, where m, 
the slope of the line, equals the negative value of 
the patient's Km (i.e., m = -Km) and they-intercept is 
the patient's Vmax· For SG, this graph is drawn as in 
Figure 15-6. 

The slope of the line, which represents -Km, can 
now be calculated as follows: 

415 mg/day - 545 mg/day 
=---:-:--::::------=-,,.-,-----:_-::-:--=-----=---:--:--=---

415 mg/day 545 mg/day 
6 mg/day 20 mg/day 

Km =3.10 mg/L 

(See Equation 10-2.) 

Clinical Correlate 
It is best to use the free acid amount of 
phenytoin, not the sodium salt, when calculating 
Km in the above equation and in all subsequent 
calculations. 

Next, we substitute this new value for K111 into 
the MME and solve for an even more accurate Vmax 
than calculated previously, as follows: 

(See Equation 10-1 .) 

Lesson 15 I Phenytoin and Digoxin 

600 

( x1 x) c , 1 
1 

l 
400 

1 0 20 30 40 50 60 70 80 

Dose (X (rng/day)) 
Concentration ~ •• rng/L 

FIGURE 15-6. 
Relationship of dai ly dose to the dose divided by steady-state 
concentration achieved. 

where: 

Xd x S = either of the doses SG received ( 415 or 
545 mg/ day of free acid), 

Css = steady-state concentration at the dose 
selected, and 

Km = calculated value of 3.10 mg/L. 

Using the 415-mgjday dose, Css = 6 mgjL. 

ll = ( 415 mg/day)(3.1 0 mg/L + 6 mg/L) 
max 6 mg/L 

= 629.42 mg/day 

Using the 545-mgjday dose, Css = 20 mg/L. 

ll = (545 mg/day)(3.1 0 mg/L + 20 mg/L) 
max 20 mg/L 

= 629.48 mg/day 

which we will round to 630 mgjday. Note that either 
set of doses and concentrations will give the same 

vmax· 

239 

Opiant Exhibit 2059 
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc. 

IPR2019-00685 
Page 249

 

Lesson 15 l Phenytoin and Digoxin
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Clearance {decuj
 
FIGURE 15-5.

Relationship of daily dose to clearance.

allows us to express the relationship in the alge-

braic form for a straight line, Y: mX+ b, where m,

the slope of the line, equals the negative value of

the patient’s K, (Le, m = —l{,,,] and they-intercept is

the patient's 11W. For 36. this graph is drawn as in

Figure 15-6.

The slope of the line, which represents —Km, can
now be calculated as follows:

_XI"X2

”*£_£
Cl 02

 
—K

_ 415 mglday —545 mgi’day

_ 415 mgfday _ 545 rug/day
6 mgfdav 2D mgi'day

Km = 3.10 mgi'L

(See Equation 10-2.)
 

Clinical Correlate

It is best to use the free acid amount of

phenytoin. not the sodium salt, when calculating

Km in the above equation and in all subsaquent
calculations.
 

Next, we substitute this new value for Km into

the MME and solve for an even more accurate Vmax

than calculated previously, as follows:

v : {Xd XS)(Km +0“)
“‘3‘ 0SS

{See Equation 10—1.]

 

600

DailyDose(Xq){mgfday} é 
400

10203040 5060?080

9°89 (Xd(mer’dar))Concentration
C“ {1191

  
 

FIGURE 15-6.

Relationship of daily dose to the dose divided by steady-stale
concentration achieved.

where:

Xd x S = either of the doses 56 received [415 or

545 mg/day of free acid),

C” steady-state concentration at the dose
selected, and

ll

ll
Km calculated value of 3.10 rug/L.

Using the 415-mg/day dose, C“ = 6 trig/L.

l/ _ (415 mgi’day)(3.1 0 mgfL + 6 mgi’L)
"1”" 6 mglL

= 629.42 mgi’day

Using the 545-mg/day dose, C5, = 20 mgfL.

I/ = (545 mg/dayXBJO mgi’L + 20 rug/L)
"‘3’ 20 mglL

= 629.48 mgfday

which we will round to 630 rug/day. Note that either

set of doses and concentrations will give the same
VFNJX'
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Concepts in Clin ical Pharmacokinetics 
240 

Finally, we substitute our new Vmax of 630 mgjday 
and our calculated Km of 3.10 mgjmL into the MME 
and solve for Xd as follows: 

(See Equation 10-1.) 

X (0.92) = (630 mg/day)(15 mg/L) 
d 3.10 mg/L + 15 mg/L 

Xd(0.92) = 522 mg/day of phenytoin free acid 

Xd = 567.5 mg/day of phenytoin sodium 

where: 

vmax = 630 mgjday of phenytoin free acid, 

Km = 3.10 mg/L, 

Css = desired average steady-state plasma 
concentration of 15 mgjL, and 

S = salt factor (0.92 for phenytoin sodium 
capsules). 

Therefore, we could give SG 560 mg (five 100-mg 
phenytoin capsules plus two 30-mg phenytoin 
capsules) daily in divided doses. This would 
give slightly less than the calculated amount of 
567.5 mgjday. 

Clinical Correlate 

It is important to dose phenytoin correctly so side 
effects do not occur. Dose-related side effects at 
serum concentrations greater than 20 mcg/ml include 
nystagmus, whereas concentrations greater than 
30 mcg/ml may result in nystagmus and ataxia. 
Concentrations greater than 40 mcg/ml may produce 
ataxia, lethargy, and diminished cognitive function. 
Adverse effects that may occur at therapeutic 
concentrations include gingival hyperplasia, folate 
deficiency, peripheral neuropathy, hypertrichosis, 
and thickening of facial features. 

Long-Term Phenytoin Monitoring 
Repeated use of Method 3 (above) allows for 
continued dosing adjustments over many years in 
patients maintained on phenytoin; this is especially 
useful as children get older and bigger. Any two sets 
of drug concentrations and different dose pairs can 
be used to calculate an adjusted dose, which makes 
for interesting math when a patient has dozens of 
concentrations over many years. Compliance should 
always be assessed before trusting these dosage 
adjustment calculations. 

Phenytoin Cheat Sheet 
The Phenytoin Cheat Sheet contains the equations 
and sequencing for the three dosing methods detailed 
in the Maintenance Dose Calculations Section above. 
Equations are presented for calculating doses when 
you have no phenytoin serum drug concentration, 
one phenytoin serum drug concentration, and, finally, 
two phenytoin serum drug concentrations obtained 
on two different doses. 
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Finally, we substitute our new Vm of 630 mg/day

and our calculated K," of 3.10 mg/mL into the MME

and solve for Xl, as follows:

me C:6X =
“X8 Km+ 053

[See Equation 10-1.)

(630 mgrday)(15 mgfL)X 0.92 =——__-
A ) 3.10mgr‘L+15mgfL

Xa (0.92) = 522 mgfday of phenytoin free acid

X0 = 567.5 mglday of phenytoin sodium

where:

11mx = 630 mg/day of phenytoin free acid,

Km = 3.10 mg/L,

C” = desired average steady-state plasma

concentration of 15 mg/L, and

S = salt factor [0.92 for phenytoin sodium

capsules).

Therefore, we could give SG 560 mg (five IOU-mg

phenytoin capsules plus two 30-mg phenytoin

capsules) daily in divided doses. This would

give slightly less than the calculated amount of

567.5 rag/day.

' _ j”

_

Clinical Correlate

It is important to dose phenytoin correctly so side
effects do not occur. Dose-related side effects at

semm concentrations greater than 20 rncg/mL include

nystagmus, whereas concentrations greater than

30 mcgme may result in nystagmus and ataxia.

Concentrations greater than 40 mcg/mL may produce

ataxia, lethargy, and diminished cognitive function.

Adverse effects that may occur at therapeutic

concentrations include gingival hyperplasla. folate

deficiency, peripheral neuropathy, hypertrichosls.

and thickening of facial features.
—

 
Long—Term Phenytoin Monitoring

Repeated use of Method 3 [above) allows for

continued dosing adjustments over many years in

patients maintained on phenytoin; this is especially

useful as children get older and bigger. Any two sets

of drug concentrations and different dose pairs can

be used to calculate an adjusted dose, which makes

for interesting math when a patient has dozens of

concentrations over many years. Compliance should

always be assessed before trusting these dosage

adjustment calculations.

Phenytoin Cheat Sheet
The Phenytoin Cheat Sheet contains the equations

and sequencing for the three dosing methods detailed
in the Maintenance Dose Calculations Section above.

Equations are presented for calculating doses when

you have no phenytoin serum drug concentration,

one phenytoin serum drug concentration, and, finally,

two phenytoin serum drug concentrations obtained
on two different doses.

4L
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lesson 15 I Phenytoin and Digoxin 

PHENYTOIN DOSING CHEAT SHEET 
DOSING METHOD 1 A: 

Use 5 mg/kg/day 

DOSING METHOD 1 8: 

Use population estimates for the Michaelis-Menten 
values for Km of 4 mg/L and Vmax of 7 mg/kg/day and 
solve the general MME formula as shown below: 

Equation 1 MME: 

X S - vmax ( css (desired) ) 
d X -

(K m + Css (desired) ) 

Km estimate = 4 mg/L 

Vmax estimate = 7 mg/kg/day 

S =Salt form factor (either 1.0 or 0.92, or 0.66) 

DOSING METHOD 2: ONE STEADY-STATE LEVEL 

Use this method as in Equation 2 below after you have one 
steady-state phenytoin serum drug concentration to solve 
for Vmax while still using the population parameter for Km of 
4 mg/L. 

After solving for this better value for Vmax• use it plus the old 
Km value in the MME to re-solve for dose, as shown below. 

To solve for Vmax: 

Equation 2: 

This is simply a rearrangement of MME (Equation 1): 

(Xd X S)(Km + c ss(lab) ) 
vmax = -------'----'-

c ss(lab) 

To solve for dose: 

Use Equation 1 again. 

Equation 1 (MME) again: 

betterVmax (Css (desired) ) X X s = ----------''---'-----
d (population parameter forK m + Css(desired) ) 

Km estimate = 4 mg/L 

vmax estimate = as solved for mg/kg/day 

S = Salt form factor (either 1.0 or 0.92, or 0.66) 

DOSING METHOD 3: TWO STEADY-STATE LEVELS ON TWO 
DIFFERENT DOSES 

Use after you have two steady-state phenytoin 
concentrations from two different phenytoin doses. You 
can now work Equation 3 to solve for an even better 
value for Km (shown below). 

Use this better Km value to once again re-solve for a better 
Vmax value than used in Method 2. Once you get new Vmax 
(i.e. , real Km and Vmaxl, re-solve Equation 1 (MME) again for 
dose. 

Equation 3: 

Use this to solve for real Km: 

X= dose 

C = concentration 

To solve for real Vmax: 

Use Equation 2 again. 

To solve for dose: 

Use Equation 1 (MME) again . 

To solve for real Vmax: 

Use Equation 2 once again. 

To solve for dose: 

Use Equation 1 again. 

Equation 1 (MME) yet again: 

real Km (mg/L) 

real vmax (mg/kg/day) 

S = Salt form factor (either 1.0 or 0.92, or 0.66) 

241 
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DOSING METHOD 1A: DOSINO METHOD 3: TWO STEAM-STATE LEVELS ON TWO

Use 5 mglkgfday DIFFERENT DOSES

Use after you have two steady~state phenytoin
DOSING METHOD 1B: concentrationsfrom two different phenvtoin doses. You

Use population estimates for the Michaelis—Menten can now work Equation 3 t“ solve for an ”"9“ ”9“”
values for Km 014 mgi'L and if”, at 7 mgfkgiday and value for K," (shown below).

solve the general MME formula as shown below: Use this better Km value to once again re-solve fora better
. | l/m,I value than used in Method 2. Once you get new I/m

Eguatlon 1 MME- (i.e., real Km and vmi, re-soive Equation 1 {MME} again for
dose.

X X S __ l/rna.i (03$ (descent)d _____

(Km + 035 [desired}) _
Km estimate = 4 mgfL E HatIOH 3'

l/m estimate = 7 mgfkgfday Use this to solve for real K“:

S = Salt form iactor {either 1.0 or 0.92. or 0.56} X 2 dose

C = concentration
DOSINO METHOD 2: ONE STEAM-STATE LEVEL

Use this method as in Equation 2 below after you have one To solve for real "malt:

steady-state phenytoin serum drug concentration to solve Use Equation 2 again‘
for If..." while still using the population parameter for Km of

4 mgi'L. To solve for dose:

After solving for this better value for Um, use it plus the old Use Equation 1 (Mk-1E} again.
Km value in the MME to re—solve for dose, as shown below.

To solve for V . To solve tor real Vm:mDI'

Use Equation 2 once again.

Eguatlon 2: X Sit {K C( x {‘63 + )

This is simply a rearrangement of MME [Equation 1): real“ l/max = JC—mmssiiab}

V = (XEr x SiiKm + OWN)I113: .

05mm To solve for dose.
Use Equation1 again.

To solve for dose:

Use Equation 1 again. . .
Eguation 1 gMMEi yet again:

Eguation 1 gMME} again:
rearV {C )

better I/ma (c d . l 9.95th x5 =M
Xa x s =A— (reai‘Km + 035mm,)

(population parameter for Km + 055mm,)

Km estimate z 4 mgft reaiKm (mgfL)

Vm, estimate = as solved for mgi'kgi’day reai Vm {mgfkgfday}

S = Salt form factor {either 1 .D or 0.92. or 0.65} S = Salt form factor (either 1.0 or 0.92, or 0.66)
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242 
Concepts in Clinical Pharmacokinetics 

Digoxin 

Digoxin is an inotropic medication that may be 
useful in the treatment of patients with heart 
failure (HF) to decrease hospitalizations due to this 
disorder. Desired serum concentrations in these 
patients range from 0.5 to 0.9 ngjmL.1 This conser
vative target has been associated with a decline in 
the overall incidence of digoxin toxicity. Notice that 
the units of plasma concentrations for digoxin are 
different (nanograms per milliliter) from those of 
other commonly monitored drugs (usually milli
grams per liter). 

Digoxin may also be used in the management 
of arrhythmias such as atrial fibrillation (AF) and 
atrial flutter. It is effective in controlling heart rate at 
rest in patients with AF and may be used in patients 
with concomitant heart failure, left ventricular 
dysfunction, and a sedentary lifestyle. Digoxin is an 
acceptable treatment for slowing a rapid ventricular 
response and improving left ventricular function 
in patients with acute myocardial infarction and 
AF associated with severe left ventricular dysfunc
tion and HF. In combination with a beta-blocker or 
nondihydropyridine calcium channel antagonist, 
digoxin may be used to control heart rate during 
exercise in patients with AF, as well as in the preg
nant patient with AF. Digoxin may also be used to 
terminate paroxysmal supraventricular tachycardia 
(PSVT).2

•
3 

In patients with normal left ventricular func
tion, digoxin is less effective for ventricular rate 
control than calcium channel blockers or beta
blockers. However, it may be used in combination 
with these agents in patients with less than satisfac
tory ventricular rate control from monotherapy.3 

Doses of digoxin are usually administered 
orally or intravenously. Loading doses are no 
longer recommended in HF patients.1 Although 
digoxin loading doses have been used extensively 
in patients with AF, atrial flutter, and PSVT, other 
drugs are more effective and/or have a more rapid 
onset of action. Therefore, digoxin loading doses are 
rarely needed unless alternative therapy is contra-

indicated or not effective in a given patient.2 The 
current recommended loading dose of digoxin for 
ventricular rate control is 0.25 mg IV every 2 hours 
up to a total of 1.5 mg. For PSVT, the loading dose 
is 8-12 mcgjkg given as follows: one-half of the 
dose is given over 5 minutes; 25% is given in 4 to 
8 hours; and the final 25% given 4 to 8 hours later.3 

Electrocardiogram monitoring is performed during 
loading dose administration to assess for toxicity.4 

The recommended maintenance dose of digoxin for 
ventricular rate control is 0.125 to 0.375 mg per 
day. With declining renal function, these doses may 
be further reduced or administered as alternate day 
therapy.3 

Steady-state volume of distribution (VsJ of 
digoxin is large and extremely variable. Differences 
in renal function account for some of the inter
patient variation. 

ilil!1 Vss = 4 to 9 L/kg ideal body weight (IBW) 
(average adult, 7 L/kg IBW)4 

When calculating an oral digoxin dose, the 
bioavailability (F) of the dosage form used must be 
considered. For patients with normal oral absorp
tion, digoxin tablets are 50-90% (average, 70%) 
absorbed (F = 0.7), and digoxin elixir is 75-85% 
absorbed (average, F = 0.8). 

Systemic clearance (Clt) of digoxin can be calcu
lated as follows 5 : 

Cl 1 = (1.303 x CrCI) + Clm 

where: 

Cl111 = metabolic clearance. 

= 40 mL/min for patients with no or mild HF 

= 20 mL/min for patients with moderate to 
severe HF 

Several methods have been proposed for calculating 
doses of digoxin that have been described in detail 
elsewhere. Recent investigators have developed 
a nomogram for determining digoxin doses that 
achieve lower serum concentrations.6 
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Digoxin

Digoxin is an inotropic medication that may be

useful in the treatment of patients with heart

failure {HF} to decrease hospitalizations due to this
disorder. Desired serum concentrations in these

patienm range from 0.5 to 0.9 ngme.‘ This conser-

vative target has been associated with a decline in

the overall incidence of digoxin toxicity. Notice that

the units of plasma concentrations for digoxin are

different [nanograms per milliliter} from those of

other commonly monitored drugs {usually milli-

grams per liter).

Digoxin may also be used in the management

of arrhythmias such as atrial fibrillation [AF] and

atrial flutter. It is effective in controlling heart rate at

rest in patients with AF and may be used in patients
with concomitant heart failure, left ventricular

dysfunction, and a sedentary lifestyle. Digoxin is an

acceptable treatment for slowing a rapid ventricular

response and improving left ventricular function

in patients with acute myocardial infarction and

AF associated with severe left ventricular dysfunc-
tion and HF. In combination with a beta-blocker or

nondihydropyridine calcium channel antagonist,

digoxin may be used to control heart rate during

exercise in patients with AF, as well as in the preg-

nant patient with AF. Digoxin may also be used to

terminate paroxysmal supraventricuiar tachycardia

[PSVTV-3

In patients with normal left ventricular func-

tion, digoxin is less effective for ventricular rate
control than calcium channel blockers or beta-

blockers. However, it may be used in combination

with these agents in patients with less than satisfac-

tory ventricular rate control from monotherapy.3

Doses of digoxin are usually administered

orally or intravenously. Loading doses are no

longer recommended in HF patients.‘ Although

digoxin loading doses have been used extensively

in patients with AF, atrial flutter, and PSV'I‘, other

drugs are more effective and/or have a more rapid

onset ofaction. Therefore, digoxin loading doses are

rarely needed unless alternative therapy is contra-

indicated or not effective in a given patient.2 The

current recommended loading dose of digoxin for

ventricular rate control is 0.25 mg IV every 2 hours

up to a total of 1.5 mg. For PSVT, the loading dose

is 8—12 mcg/kg given as follows: one-half of the

dose is given over 5 minutes; 25% is given in 4 to

8 hours; and the final 25% given 4 to 8 hours later.3

Electrocardiogram monitoring is performed during

loading dose administration to assess for toxicity.“

The recommended maintenance dose ofdigoxin for

ventricular rate control is 0.125 to 0.375 mg per

day. With declining renal function, these doses may

be further reduced or administered as alternate day

therapy.3

Steady-state volume of distribution (Va) of

digoxin is large and extremely variable. Differences
in renal function account for some of the inter-

patient variation.

E vs, = 4 to Q ng ideal body weight (IBW)

(average adult. 7 Likg IEiW}4

When calculating an oral digoxin dose, the

bioavailability (F) of the dosage form used must be

considered. For patients with normal oral absorp—

tion, digoxin tablets are 50—90% (average, 70%]

absorbed {F = 0.7}, and digoxin elixir is 75‘85%

absorbed [average F = 0.8).

Systemic clearance [C1,] of digoxin can be calcu-
lated as follows“:

E CI, = (1.303 x CFCI) + Cl“,

where:

Cl = metabolic clearance.

40 mL/min for patients with no or mild HF

20 mL/min for patients with moderate to
severe HF

Several methods have been proposed for calculating

doses of digoxin that have been described in detail

elsewhere. Recent investigators have developed

a nomogram for determining digoxin doses that
achieve lower serum concentrations.6
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CASE3 
TS is a 72-year-old, 5' 5", 125-lb female who 
has a diagnosis of HF for which she currently 
receives a beta-blocker, an angiotensin
converting enzyme inhibitor (ACEI), and a diuretic. 
She has been hospitalized three times in the past 
year for her HF; at th is time, her physician wishes 
to initiate digoxin therapy. Her current serum 
creatinine is 1.00 mg/dl. 

Problem 3A. Calculate a maintenance dose of 
digoxin tablets to be given to TS to achieve a satis
factory steady-state serum digoxin level. 

Clinical Correlate 
Patients with HF usually do not require a loading 
dose of digoxin before initiating maintenance 
dose therapy. 1 

The relationship between the steady-state plasma 
concentration, maintenance dose, and total systemic 
clearance is shown below: 

C = Xd x1 0
6 
xF 

ss Cit X t 

(See Equation 4-3 .) 

The above equation can be rearranged and 
written as follows: 

X = c ss X Cit X t 

d 106 X F 

where: 

Xd = maintenance dose of digoxin, in milligrams 
per day, 

Css = steady-state plasma concentration, in 
nanograms per milliliter, 

Cit = total body clearance, 

T = dosing interval, in minutes (1440 minutes = 
1 day), 

106 = conversion from nanograms to milligrams 
(i.e., 106 ng = 1 mg), and 

F = 0. 7 for tablets. 

Lesson 15 1 Phenytoin and Digoxin 

We have previously established that the desired 
steady-state serum digoxin concentration in the 
patient with HF ranges from 0.5 to 0.9 ngjmL. We 
will choose a level of 0.8 ngjmL forTS. 

To determine systemic clearance, we must first 
estimate TS's creatinine clearance. We use the Cock
croft-Gault equation: 

CrCI = (0.85) (140- age)(IBW) 
(female) 72 X SCr 

(See Equation 9-1.) 

where: 

CrCl = creatinine clearance, in milliliters per 
minute; 

IBW = ideal body weight, in kilograms; and 

SCr = serum creatinine, in milligrams per 
deciliter. 

Therefore: 

CrCI = (0 .85)(140- 72)(57 kg) 
(female) 72 X 1.00 

=46 mUmin 

Total body clearance of digoxin would be: 

Ci t = (1.303 x CrCI) + Clm (See Equation 
15-3.) 

= (1 .303 x 46 ml/min) + 20 ml/min 

= 80 ml/min 

The daily maintenance dose required to achieve 
a steady-state concentration of 0.8 ng/mL would be: 

X = c ss X Cit X t 

d 106 X F 

X = 0.8 ng/ml x (80 mUmin) x 1440 min 
d 1 06 ng/mg x 0.7 

=0.13mg 

(See Equation 15-4.) 

Therefore, TS should receive 0.125 mg of digoxin 
daily to achieve a steady-state digoxin concentra
tion of slightly less than 0.8 ngjmL. 

243 
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Problem 38. Two months later, TS has a steady
state serum digoxin level drawn. The laboratory 
reports this value as 0.52 ng/mL. Although this 
value is within the thearapeutic range for HF, TS's 
physician desires to increase the dose to achieve 
a slightly higher serum concentration. Calculate a 
new maintenance dose for TS that will achieve a 
serum concentration of 0.8 ngjmL. 

The first step to solving this problem is to calculate 
TS's actual serum digoxin clearance. We can do this 
as follows: 

Cl = X d X 1 0
6 

X F 
t Css X "C 

where: 

Cit = total body clearance, 

Xd = maintenance dose of digoxin, in milligrams 
per day, 

Css = steady-state plasma concentration, in 
nanograms per milliliter, 

T = 1440 minutes (1 day), 

106 = conversion from nanograms to milligrams 
(i.e., 106 ng = 1 mg), and 

F = bioavailability (0.7 for digoxin tablets). 

Plugging in our values for patient TS: 

Cl = 0.125 mgx106 ng/mg x 0.7 
1 0.52 ng/ml x 1440 min 

=117 mUmin 

From this we see that TS's total body clearance of 
digoxin is slightly higher than the value we calcu
lated using population estimates. 

Now, we can use this clearance value to calcu
late a new maintenance dose to achieve our desired 
serum concentration of 0.8 ngjmL. 

X = 0.8 ng/ml x (117 mUm in) x 1440 min 
d 106 ng/mg x 0.7 

=0.19mg 

This dose can be achieved by alternating 0.25 mg 
with 0.125 mg every other day. This would be the 
equivalent of administering 0.1875 mg per day. 

Problem 3C. TS begins her new digoxin regimen. 
Three months later she reports to her physician's 
office complaining of nausea and vomiting. A serum 
digoxin level (10 hours after her last dose) and 
serum creatinine are drawn. Her digoxin concen
tration is 1.6 ng/mL and her serum creatinine has 
risen to 1.92 mg/dL. Her physician tells JS to hold 
her digoxin for the next two days and come back to 
the office to have her serum digoxin concentration 
repeated. Her serum level ( 48 hours after the last 
serum level was drawn) is now 1.1 ng/mL. Calculate 
a new digoxin dose that will achieve a steady-state 
serum concentration of 0.8 ngjmL. 

TS appears to now be experiencing declining renal 
function (rise in serum creatinine). To determine a 
new dose, we must first calculate her actual Cit. As 
before, we can do this by rearranging the following 
equation: 

C = Xd x10
6 
xF 

ss Cit X "C 

(See Equation 15-4.) 

to: 

where: 
Cit = total body clearance, 
Xd = maintenance dose of digoxin, in milligrams 

per day, 

Css = steady-state plasma concentration, in 
nanograms per milliliter, 

T = 1440 minutes (1 day), 

106 = conversion from nanograms to milligrams 
(i.e., 106 ng = 1 mg), and 

F = bioavailability (0.7 for digoxin tablets). 

Plugging in our values for patient TS: 

Cl = 0.1875 mg x 106 ng/mg x 0.7 
1 1.6 ng/ml x 1440 min 

=57 mUmin 
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Concepts in Clinical Pharmacokinetics

F’r'u:".'rl':-|I:':::HI :2'-2'.I:‘-.. Two months later, TS has a steady-

state serum digoxin level drawn. The laboratory

reports this value as 0.52 ng/mL. Although this

value is within the thearapeutic range for HF, TS’s

physician desires to increase the dose to achieve

a slightly higher serum concentration. Calculate a
new maintenance dose for T5 that will achieve a

serum concentration of 0.8 ng/mL.

The first step to solving this problem is to calculate

TS’s actual serum digoxin clearance. We can do this
as follows:

Cl _ X0 ><10l5 x Fr .1__

655 x ‘t

where:

Cl, = total body clearance.

Xd = maintenance dose of digoxin, in milligrams

per day.

CSE = steady-state plasma concentration, in

nanograms per milliliter.

144-0 minutes [1 day],

conversion from nanograms to milligrams

(Le, 105 ng = 1 mg], and

F = bioavailability [0.7 for digoxin tablets].

H DH on IIII

Plugging in our values for patient TS:

CI _ 0.125 mgxiflfingimgxm'
’ 0.52 ngmex 1 440 min

=11? mUmin

From this we see that TS’s total body clearance of

digoxin is slightly higher than the value we calcu—

lated using population estimates.

Now, we can use this clearance value to calcu-
late a new maintenance dose to achieve our desired

serum concentration of 0.8 nngL.

_ 055 xCl, x1:
” ' 106 xF

X _ 0.8 ngmexU 1? mLfmin)><1440 min
" 10fingr'mgx0J

20.19 mg

 

This dose can be achieved by alternating 0.25 mg

with 0.125 mg every other day. This would be the

equivalent of administering 0.1875 mg per day.

 l_"|'l'_:-l:I|-:":I'I| in: TS begins her new digoxin regimen.

Three months later she reports to her physician’s

office complaining of nausea and vomiting. A serum

digoxin level [10 hours after her last dose) and

serum creatinine are drawn. Her digoxin concen-

tration is 1.6 ng/mL and her serum creatinine has

risen to 1.92 mg/dL. Her physician tells IS to hold

her digoxin for the next two days and come back to

the office to have her serum digoxin concentration

repeated. Her serum level [4-8 hours after the last

serum level was drawn) is now 1.1 ngfrnL. Calculate

a new digoxin dose that will achieve a steady-state

serum concentration of 0.3 ng/mL.

TS appears to now be experiencing declining renal

function (rise in serum creatinine}. To determine a

new dose, we must first calculate her actual C1,. As

before, we can do this by rearranging the following

equation:

_ Xa x105 x F

55 CII x I

(See Equation 15-4.]
to:

6

Cl: :W
(355 x t

where:

ClI = total body clearance.

Xfl = maintenance dose of digoxin, in milligrams

per day.
'7")

II
1‘. steady-state plasma concentration, in

nanograms per milliliter,

-: = 144-0 minutes (1 day).

10" conversion from nanograms to milligrams

(i.e.. 105 ng = 1 mg]. and

F = bioavailability [0.7 for digoxin tablets).

Plugging in our values for patient TS:  
CI _ 0.1875 mg><1Osngimgxflji

’ 1.6 ngmex1440 min

= 5? mUmin
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In making this determination, it is important that we 
use the average daily dose TS is receiving as well as 
the serum value resulting from this dose (and not the 
serum value reported 2 days later with doses held). 
It is of interest to note a significant decline in digoxin 
total body clearance with declining renal function. 

Then we use patient TS's actual Clt to calculate 
the appropriate dose to achieve our desired Css of 
0.8 ngjmL. 

X = css X Cit X 't 

d 106 
X F 

X = 0.8 ng/ml x (57 mUm in) x 1440 min 
d 106 ng/mg x 0.7 

= 0.094 mg/day 

This dose can be achieved by alternating 0.125 mg 
with 0.0625 mg (one-half of a 0.125-mg tablet) 
every other day. 

ld;'1[#)11Bi•l How much longer do we need to wait 
until we can begin TS's new digoxin maintenance 
dose? 

Since TS's latest serum digoxin concentration is 
elevated (1.1 ngjmL), we cannot begin her new 
maintenance dose until this value decreases to 
approximately 0.8 ngjmL. To calculate the amount 
of time that must elapse until this occurs, we can 
use the following equation: 

c, _ c, 8 -Kt 
level 2(steady state) - level 1 (steady state) 

where: 

Cleve! Z(steacty state) = the serum concentration we desire 
before the new maintenance dose is 
started (0.8 ngjmL), 

clevell(steadystate) =the serum concentration the patient 
currently has (1.1 ngjmL), 

K = the elimination rate constant, and 

t = the time we must wait until 

C,evel zcsteacty stateJ is reached. 

We can calculate K as follows: 

K =In 1.1-ln 1.6 
48 hr 

= 0.008 hr-1 

Lesson 15 I Phenytoin and Digoxin 

Now, we can solve for timet: 

c, _ c, 8- Kt 
level 2(steady state) - level 1 (steady state) 

0.8 ng/ml = 1.1 ng/ml e--{)·0081 

0.727 = e--{).oo8t 

In 0. 727 = In e--{)· 0081 

-0.319 = -0 .008t 

39.9 hr = t 

So we need to wait another 40 hours before we 
begin TS's new digoxin maintenance dose. 

CASE4 
HK is a 56-year-old, 6' 6" tall, 200-lb patient with 
HF. He is currently receiving a beta-blocker and 
an ACEI. His physician wishes to add digoxin to 
this regimen. His current serum creatinine is 
1.1 mg/dl. 

ldlj[#)llltl.1 Calculate a maintenance dose of digoxin 
tablets that will achieve a steady-state serum concen
tration of 0. 7 ngjmL for HK. 

The first step in solving this problem is to determine 
HK's total body clearance for digoxin. To determine 
this, we must first estimate his creatinine clearance. 

CrCI = (140- age)(IBW) 
male 72 x SCr 

(See Equation 9-1.) 

where: 

CrCl = creatinine clearance, in milliliters per 
minute, 

IBW = ideal body weight, in kilograms, and 

SCr = serum creatinine, in milligrams per 
deciliter. 

Therefore: 

CrCI = (140- 56)(91 kg) 
male 72 X 1.1 

=97 mUmin 
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Concepts in Clinical Pharmacokinetics 

Total body clearance of digoxin would be: 

Ci t= (1 .303 x CrCI) + Clm (See Equation 15-3.) 

= (1 .303 x 97 ml/min) + 40 ml/min 

= 166.4 ml/min 

The daily maintenance dose required to achieve 
a steady-state concentration of0.7 ngjmL would be: 

X = css X Cit X 't 

d 106 
X F 

X = 0.7 ng/ml x (166.4 mUmin) x1440 min 
d 106 ng/mg x 0.7 

= 0.24 mg 

(See Equation 15-4.) 

Therefore, HK should receive 0.25 mg of digoxin 
daily. 

lllii1!'1[#)11il:l Suppose HK had to initially receive his 
daily digoxin maintenance dose by IV administra
tion. Calculate this dose. 

X = css X Cit X 't 

d 106 X F 

X = 0.7 ng/ml x (166.4 mUmin) x1440 min 
d 1 06 ng/mg x 1 

= 0.17 mg 

Notice F =1 for intravenously administered drugs. 

Clinical Correlate 

IV administration of digoxin should be given by 
slow IV push. This method of administration 
prevents the propylene glycol contained in this 
formulation from causing cardiovascular collapse. 

Problem 4C. HK is currently rece1vmg digoxin 
0.25 mg orally daily. He has a steady-state serum 
digoxin level reported as 1.2 ng/mL. If all doses 
are held, predict how long it will take for his serum 
concentrattion to fall to 0.7 ngjmL. 

In problem 3C, we encountered a similar situation 
in which we solved for the time to wait before an 
elevated serum concentration declined to an accept
able value with doses held. In that situation, we had 
two steady-state serum concentrations to solve for 
a K value. In the current problem, we will address 
how we can estimate a K value and, therefore, time 
to wait, with only one steady-state serum concen
tration available. 

The first step to solving this problem is to calculate 
HK's actual serum digoxin clearance. We can do this 
as follows: 

where: 

Cit = total body clearance; 

xd = maintenance dose of digoxin, in milligrams 
per day; 

Css = steady-state plasma concentration, in 
nanograms per milliliter; 

T = 1440 minutes (1 day); 

106 = conversion from nanograms to milligrams 
(i.e., 106 ng = 1 mg); and 

F = bioavailability (0.7 for digoxin tablets). 

Plugging in our values for patient HK: 

Cl = 0.25 mg x106 ng/mg x0.7 
t 1 .2 ng/ml x 1440 min 

= 101 mUmin 

Step 2 to solving this problem is to use the equation 
below to calculate time to wait: 

C - C e -Kt 
level 2(steady slate) - level 1 (steady state) 

where: 

C,evel z(s teacty stateJ = the serum concentration we desire 
before the new maintenance dose is 
started (0.7 ng/mL), 

clevel l(steadystate] =the serum concentration the patient 
currently has (1.2 ng/mL), 

K = the elimination rate constant, and 

t = the time we must wait until 

C,evel zcsteacty stateJ is reached. 
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Total body clearance of digoxin would be:

CL: (1.303 x Grill) + Clm (See Equation 15-3.]

= (1.303 x 9? mUmin) + 40 mUmln

= 166.4 mUmin

The daily maintenance dose required to achieve

a steady-state concentration of0.7 ng/mL would be:

_ 053 x Cl, x1
" " 105 >< F

X _ 0.? comments mUmlnlx1440 min
6 105 nglmg x 0.?

= 0.24 mg

(See Equation 15—4.]

Therefore, HK should receive 0.25 mg of digoxin

daily.

 Suppose HK had to initially receive his

daily digoxin maintenance dose by IV administra-
tion. Calculate this dose.

 

_. 055 XCI, X1:
d 105x}:

X _ 0.7 ng/mL M1654 mUmin)x1440 min
” 105nglmgxi

=01? mg

Notice F=1 for intravenously administered drugs.

 

Clinical Correlate

IV administration of digoxin should be given by

slow IV push. This method of administration

prevents the propylene glycol contained in this

formulation from causing cardiovascular collapse.
 

Pl'rffll.'}ll'.:tli 'I I1 C}. HR is currently receiving digoxin

0.25 mg orally daily. He has a steady-state serum

digoxin level reported as 1.2 ng/mL. If all doses

are held, predict how long it will take for his serum

concentrattion to fail to 0.7 ng/mL.

ln problem 3C, we encountered a similar situation
in which we solved for the time to wait before an

elevated serum concentration declined to an accept-
able value with doses held. In that situation, we had

two steady-state serum concentrations to solve for

a Kvalue. In the current problem, we will address

how we can estimate a K value and, therefore, time

to wait, with only one steady-state serum concen-
tration available.

The first step to solving this problem is to calculate

HK's actual serum digoxin clearance. We can do this
as follows:

Xd ><10E xF
Cl, 2—

Cs: x t

where:

CI, = total body clearance;

Xd = maintenance dose of digoxin, in milligrams

per day;

C“ = steady-state plasma concentration, in

nanograms per milliliter;

1: = 144-0 minutes [1 day];

10" conversion from nanograms to milligrams

(Le, 10‘5 ng = 1 mg]; and

F = bioavailability [0.7 for digoxin tablets].

Plugging in our values for patient HK:

= 0.25 mgxlofingfmgxfli
Cl: .

1.2 ngme><1440 min

=101 mUmln

Step 2 to solving this problem is to use the equation
below to calculate time to wait:

G _ e—irievelzisleadvslnte} — level “steady slate!

where:

Cm. mmflml = the serum concentration we desire
before the new maintenance dose is

started (0.? ng/mL],

C.ml ,{smdmm = the serum concentration the patient
currently has [1.2 ng/mL},

K: the elimination rate constant, and

t: the time we must wait until

Cloud 2(sleady state] is reaCh Ed'

fi

 
i
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To be able to use this equation requires that we 
know the value forK. 

We can estimate this from the following equa
tion: 

We can estimate Vas 7 L/kg IBW. (See Equation 
15-2.) 

V = 7 L/kg X 91 kg 

= 637 L 

Now, we can estimate K. 

K is in units of hr - l 

Vis in units of liters 

Cl therefore must be converted to units of liters per 

hour (L/hr): 

1 01 mUmin x 60 min/hour = 6060 mUhr 

6060 ml/hr divided by 1000 ml/L = 6.06 L/hr 

K=Q 
v 
6.06 Uhr 

=---
637 L 

= 0.0095 hr-1 

Using the equation: 

C = C e - KI level 2(steady state) level 1 (steady state) 

0.7 ng/ml = 1.2 ng/ml e-ooo951 

0.583 = 8 -ooo951 

In 0.583 = In e-000951 

-0.54 = - 0.0095t 

56.8 hr = t 

Lesson 15 I Phenytoin and Digoxin 

So we must wait an additional 57 hours for HK's 

serum digoxin level to drop to 0. 7 ngjmL. Before 
initiating a new maintenance dose, it would be 

prudent to repeat a serum digoxin level to ensure 
his elimination rate has not changed during this 

waiting period and that his serum concentration is 
an acceptable value. 
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To be able to use this equation requires that we
know the value for K.

We can estimate this from the following equa-
tion:

a
‘i/

We can estimate Vas 7 L/kg lBW. (See Equation

15-2.}

V=7legx91kg

=537L

K

Now, we can estimate K.

K is in units ofhr "

Vis in units ofliters

Cl therefore must be converted to units of liters per

hour (L/hr}:

101 lemin x 60 minlhour = 6060 lehr

6060 mL/hr divided by 1000 leL = 6.06 Uhr

a
l/

_ 6.06 Llhr
53? L

= 0.0095 hr '1

K

Using the equation:
—.Kl'

Gavel 2tsinady stale: Clevel itsieadi' slaleie

0.? nglmL = 1.2 nglrnL e-Dfli‘igfii

0.583 8 4100951'
ll

In 0.583 = In 6‘03““

—0.54 = -0.0096r

56.8 hr = l

So we must wait an additional 57 hours for HK’s

serum digoxin level to drop to 0.7 ng/mL. Before

initiating a new maintenance close. it would be

prudent to repeat a serum digoxin level to ensure

his elimination rate has not changed during this

waiting period and that his serum concentration is

an acceptable value.
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248 
Concepts in Clinical Pharmacokinetics 

Discussion Points 

Phenytoin 

W Suppose SG in Case 1, Problem 1A was 65 
years old, weighed 95 kg, and had a serum 
albumin level of 2.4 mgjL. What would be 
his oral maintenance dose of phenytoin 
based on these changes? 

1!1!1 Based on your calculations in Discussion 
Point 1, calculate a new maintenance dose 
for SG that would result in a steady-state 
plasma concentration of 15 mgjL. 

!liJI The laboratory reports a serum phenytoin 
concentration of 19 mg/L from the dose you 
calculated in Discussion Point 2. Calculate a 
new dose that will result in a serum concen
tration of 15 mg/L (i.e., use Method 2). 

1!191 Based on your experience in the provision 
of direct patient care, design a pharmacy
managed phenytoin dosing protocol that 
could be used in your practice setting. 
This protocol should be written from 
the standpoint that the pharmacist is 
providing complete dosing and monitoring 
of phenytoin in a patient case (instead of 
simply providing recommendations to a 
physician to manage). All steps required 
(including equations used) to effectively 
dose and monitor a patient for whom 
phenytoin is prescribed should be included. 
Describe in detail how you would monitor 
this drug using serum concentrations. Write 
the order for this drug as it would appear in 
the Physician's Order section of the patient's 
medical record. 

fB A 41-year-old female, 5' 6" and 148 lbs, 
presents to the emergency depart
ment with uncontrolled seizures (serum 
creatinine, 1.2 mgjdL; serum albumin, 
4.3 g/dL; white blood cell count 18,300/mm3

, 

receiving phenytoin 300 mg daily at home). 
Assuming that phenytoin 200 mg every 12 
hours orally is initiated at 8 a.m. on 12/1, 
describe in detail the process for how you 
determine when serum levels (and what 
type of levels) should be obtained. Then 
write an order as it would appear in the 
Physician's Order section of the patient's 
medical record for how serum levels should 
be obtained. This order should be gram
matically correct, include only approved 
abbreviations, and provide sufficient detail 
that nursing services can easily follow your 
instructions without having to contact you 
for further clarification. 

Digoxin 

I!D Suppose TS's serum digoxin concentration in 
Problem 3B had been 1.1 ngjmL. What main
tenance dose would be required to achieve a 
serum concentration of 0.8 ngjmL? 

IJJfj Explain how to administer an appropriate 
digoxin loading dose to a patient with atrial 
fibrillation. 
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| Discussion Points

Phenytoin

m

 

Suppose 56 in Case 1, Problem 1A was 65

years old, weighed 95 kg, and had a serum

albumin level of 2.4 mg/l... What would be

his oral maintenance dose of phenytoin

based on these changes?

Based on your calculations in Discussion
Point 1, calculate a new maintenance dose

for 56 that would result in a steady-state

plasma concentration of 15 rug/L.

The laboratory reports a serum phenytoin

concentration of 19 mg/L from the close you
calculated in Discussion Point 2. Calculate a

new dose that will result in a serum concen-

tration of 15 ing/L [i.e., use Method 2).

Based on your experience in the provision

of direct patient care, design a pharmacy-

managed phenytoin dosing protocol that

could be used in your practice setting.

This protocol should be written from

the standpoint that the pharmacist is

providing complete dosing and monitoring

of phenytoin in a patient case [instead of

simply providing recommendations to a

physician to manage]. All steps required

[including equations used] to effectively

dose and monitor a patient for whom

phenytoin is prescribed should be included.

Describe in detail how you would monitor

this drug using serum concentrations. Write

the order for this drug as it would appear in

the Physician’s Order section ofthe patient's
medical record.

 

m A 41-year-old female, 5' 6" and 14-8 lbs.

presents to the emergency depart»

ment with uncontrolled seizures [serum

creatinine, 1.2 mg/dL; serum albumin,

4.3 g/dL; white blood cell count 18,3DD/mm3,

receiving phenytoin 300 mg daily at home}.

Assuming that phenytoin 200 mg every 12

hours orally is initiated at 8 am. on 12/1,

describe in detail the process for how you

determine when serum levels [and what

type of levels] should be obtained. Then

write an order as it would appear in the

Physician’s Order section of the patient’s
medical record for how serum levels should

be obtained. This order should be gram-

matically correct. include only approved

abbreviations, and provide sufficient detail

that nursing services can easily follow your

instructions without having to contact you
for further clarification.

Digoxin

Suppose TS’s serum digoxin concentration in

Problem 3B had been 1.1 ng/mL. What main-

tenance dose would be required to achieve a

serum concentration of 0.8 ng/mL?

Explain how to administer an appropriate

digoxin loading dose to a patient with atrial
fibrillation.

 
 

4L
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APPENDIX A 

Basic and Drug-Specific 
Pharmacokinetic Equations 

Basic Pharmacokinetic Equations 

Equation Showing the Relationship of Drug Concentration (mg/L), 
Drug Dose (mg), and Volume of Distribution (Liters) 

ill) t t
. amount of drug in body 

concen ra 1on = ---------
volume in which drug is distributed 

(Seep. 10.) 

Equation for Calculating Total Body Clearance 

(Seep. 23.) 

Equation for Calculating Organ Clearance of a Drug 

Cl 0 Cin - C aut Cl Of 
organ = X Or organ = 

cin 

(Seep. 24.) 

Elimination Rate Constant (K) for First-Order, 
One-Compartment Model 

I K 
In C1 -In C2 s ope=- = --'----=-

t1- to 

(Seep. 34.) 

or: 
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Basic and Drug—Specific
Pharmaookinetic Equations

Basic Pharmacokinetic Equations
 

Equation Showing the Relationship of Drug Concentration (mglL),

Drug Dose (mg), and Volume of Distribution (Liters)

amount of drug in body
1—1 concentration =—_—

volume In which drug IS distributed

6:—
v

[See p. 10.)

Equation for Calculating Total Body Clearance

a CI, = Cl, + Clm + CID + Clothe,

[See p. 23.}

Equation for Calculating Organ Clearance of a Drug

CI =0xflior0i =05organ organ
in

 

[See p. 24.]

Elimination Rate Constant (K) for First-Order.

One-Compartment Model

 

 
— C

m slope : _K :m
I‘1 _ r[J

(See p. 34.]
01':

C
In —‘

“K = C2
1‘1 _ IU
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250 
Concepts in Clinical Pharmacokinetics 

Concentration at Any Given Time, Based 
on a Previous Concentration ( C0) and K 
for First-Order, One-Compartment Model 

(Seep. 34.) 

where : 

C = plasma drug concentration at time = t, 

C0 =plasma drug concentration at time= 0, 

K = elimination rate constant, 

t = time after dose, and 

e-Kt = percent or fraction remaining after 

time (t). 

Note: used often to calculate Cpmin from Cpmax· 

Calculation ofT% from K, or Kfrom T% 
for First-Order, One-Compartment Model 

T~ = 0.693 
K 

(Seep. 36.) 

or: 

Mathematical Relationship Between 
Systemic Clearance (CI 1) to Both V and K 
for First-Order, One-Compartment Model 

(Seep. 37.) 

or: 

Calculation of Area Under the Plasma 
Drug Concentration Curve (AUC) and Its 
Relationship to Both Drug Clearance 
(K x V) and Dose Administered 

(Seep. 38.) 

AUC = dose administered 
drug clearance 

or: 

or: 

d I 
dose administered 

rug c earance = ---AU_C __ 

AUC = initial concentration (C0) 

elimination rate constant (K) 

Accumulation Factor When Not at 
Steady State for a One-Compartment, 
First-Order Model 

(1-e-nK') 
accumulation factor = K 

(1-e- ') 

(Seep. 52.) 

Accumulation Factor When at Steady 
State for a One-Compartment, 
First-Order Model 

(Seep. 56.) 

Calculation of Average Drug 
Concentration from AUC and Dosing 
Interval or from Dose/CI 

and because: 

or: 

(Seep. 57.) 

- AUC 
C=

t 

AUC = __ d_o_se __ 
drug clearance 

dose 
C=----

drug clearance x -r 
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Concepts in Clinical Pharmacokinetics
250

Concentration at Any Given Time, Based

on a Previous Concentration (Cu) and K

for First-Order, One-Compartment Model

0 = 008 4f! 

[See p. 34.]
where:

C = plasma drug concentration at time = t,

Co : plasma drug concentration at time = O,

K = elimination rate constant,

c = time after dose, and

e'” = percent or fraction remaining after

time [t].

Note: used often to calculate [2pmin from (2pm.

 
Calculation of m from K, or K from 1%

for First-Order, One—Compartment Model

 

 

0.693

. m=T

i [See p. 36.]
' 01":

K = 0.693
7%

Mathematical Relationship Between

Systemic Clearance (CL) to Both Vand K

for First-Order, One-Compartment Model

Cirr‘V: K  
(See p. 37.]
0i“:

CI, = vx Kor V: 0th

Calculation of Area Under the Plasma

Drug Concentration Curve (AUC) and its

Relationship to Both Drug Clearance

(K x V) and Bose Administered

dose administered
AUG 2

drug clearance
 

0!“:

dose administered
drug clearance :

AUG

or:

initial concentration (00)
AUG =H—

ellmination rate constant (K)

Accumulation Factor When Not at

Steady State for a One-Compartment,
First-Order Model

(1— e—HKT)
accumulation factor = K

{1- 8' ‘)

 

[See p. 52.)

Accumulation Factor When at Steady

State for a One-Compartment,
First-Order Model

 

 
(1 — e'“)

{See p. 56.]

Calculation of Average Drug

Concentration from AUC and Dosing
Interval or from DoseICI

52%
T

and because:

dose
AUG 2—

drug clearance

dose
5 = ——#

drug clearancex r

01':
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Appendix A I Basic and Drug-Specific Pharmacokinetic Equations 

Cockcroft-Gault Equations for 
Calculating Creatinine Clearance (CrCI) 
in Men and Women 

CrCI = (140- age)IBW 
male 72 x SCr 

(Seep. 141.) 

or: 

CrCI = (0.85)(140 - age)IBW 
female 72 X SCr 

Note: IBW =ideal body weight. 

Equations for Estimating IBW 
in Men and Women 

IBWmales =50 kg + 2.3 kg for each inch 
over 5 feet in height 

(Seep. 141.) 

IBWremales = 45.5 kg + 2.3 kg for each inch 
over 5 feet in height 

Adjusted Body Weight (AdjBW) Equation 
for Patients Whose Total Body Weight 
(TBW) Is More Than 35% Over Their IBW 

AdjBW = IBW + 0.4(TBW- IBW) 

(See p. 141.) 

Michaelis-Menten Equation (MME) 

daily dose = vmaxc 
Km+C 

(Seep. 152.) 

or: 
daily dose (Km +C)= VmaP 

daily dose (K m) +daily dose (C) = VmaxC 

daily dose (C)= VmaxC- daily dose (Km) 

Note: relates Vm ax • K,, plasma drug concentration, 
and daily dose (at steady state) for zero-order (i.e., 
nonlinear) model. 

Calculation of Km, the Michaelis 
Constant (mg/L), Representing the Drug 
Concentration at Which the Rate of 
Elimination Is Half the Maximum Rate 
( Vmax) for Zero-Order (i.e., Nonlinear) Model 

~ 1 K doseinitial - doseincreased 
~ s ope = - m = -----'="'------"'="'--

dose/ cinitial - dose/ cincreased 

(Seep. 152.) 

Calculating Steady-State Concentration 
from Estimates of Km, Vmax' and Dose 
(Rearrangement of the MME) for 
Zero-Order (i.e., Nonlinear) Model 

c 

(Seep. 153.) 

K m (daily dose) 

vmax -daily dose 

Aminoglycoside Dosing Equations 

Calculation of Population Estimates 
for K Based on CrCI 

K = 0.00293 (CrCI) + 0.014 

(Seep. 183.) 

Calculation of Population Estimates 
for Volume of Distribution ( V) Based 
on Body Weight or AdjBWAG 

if!B V = 0.24 L/kg (IBW) 

(See p. 183.) 

or: 

v = 0.24 L/kg AdjBWAG 

where: 

itl(fJ AdjBWAG = IBW + 0.1 (TBW -IBW) 

(Seep. 183.) 

251 

Opiant Exhibit 2059 
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc. 

IPR2019-00685 
Page 261



252 
Concepts in Clinical Pharmacokinetics 

Calculation of Best Dosing Interval ('T) 
Based on Desired Peak and Trough 
Concentrations 

1 
ii!IIJ -r = _ K (In C trough (desired) -In C peak (desired) ) + t 

(See pp. 186 and 194.) 

where tis the duration of the infusion in hours. 

Note: should be rounded off to a practical dosing 
interval such as every 8 hours, every 12 hours, etc. 

Calculation of Initial Maintenance 
Dose (K0) Based on Estimates of 
K, V, Desired Cpeak' and 't' 

K (1-e-K1
) c =~0----~ 

peak (steady state) VK (1- e -K' ) 

(Seep. 74.) 

where: 

cpeak(steady state) = desired peak drug concentration at 
steady state (milligrams per liter), 

K0 = drug infusion rate (also main
tenance dose you are trying to 
calculate, in milligrams per hour), 

V = volume of distribution (population 
estimate for aminoglycosides, in 
liters), 

K = elimination rate constant (popula
tion estimate for aminoglycosides, 
in reciprocal hours), 

t = duration of infusion (hours), and 

T = desired or most appropriate dosing 
interval (hours). 

Calculation of Ctrough Concentration 
Expected from Dose (Ko) and 
Dosing Interval Used ('t') 

(Seep. 34.) 

or: 

C - C -Kt' 
trough(steady state) - peak(steady state)8 

(Seep. 34 and Equation 3-2.) 

where t' = T - time of infusion ( t), or the change in 
time from the first concentration to the second. 

Calculation of Loading Dose Based 
on Initial Calculated Maintenance Dose 
and Accumulation Factor 

loading dose = Ka K 
(1-e- ' ) 

(Seep. 189.) 

where: 

K0 = estimated maintenance dose, 

1/ ( 1 - e-/(1') = accumulation factor at steady state, and 

T = dosing interval at which estimated 
maintenance dose is given. 

Calculation of Patient-Specific 
(i.e., Actual) K Based on Two Drug 
Concentrations and Dosing Interval 

K 
In Ctrough -In Cpeak 

't- t 

(Seep. 34.) 

or: 

or: 

-K In Cpeak -In Ctrough 

't -t 

Remembering a rule oflogarithms: 
In a -In b =In ( aj b), we can simplify this 
equation for hand-held calculators: 

Either equation may be used to calculate K. 
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Concepts in Clinical Pharmacokinetics

Calculation of Best Dosing Interval (1:)

Based on Desired Peak and Trough
Concentrations

—ln 6‘peak [dcsimri]
1

=—-lnC H
r _K( . ) rough (dearer!)

[See pp. 186 and 194-.)

where tis the duration of the infusion in hours.

Note: should be rounded offto a practical dosing

interval such as every 8 hours, every 12 hours, etc.

Calculation of Initial Maintenance

Dose (K0) Based on Estimates of

K, V, Desired Cm." and 't

_Ku(l—e"")
5'1 Cpeaklsteady slam: ‘ VK (1 _ e an)

[See p. 74.]

where:

kamadymm = desired peak drug concentration at
steady state [milligrams per liter],

Kn drug infusion rate (also main-

tenance dose you are trying to

calculate, in milligrams per hour],

V = volume ofdistribution [population

estimate for aminoglycosides, in

liters],

K = elimination rate constant [popula-

tion estimate for aminoglycosides,

in reciprocal hours],
Ft-

ll
duration of infusion [hours], and

T : desired or most appropriate dosing

interval [hours].

Calculation of qmugh Concentration
Expected from Dose (K0) and

Dosing Interval Used (1-)

m C = 008'”

[See p. 34.]

 

252—

Oi“:

_ an“
Ctroughlsleatly state} — Conaklsleadv slalele

[See p. 34- and Equation 3-2.]

where t’ = I ~ time of infusion [t], or the change in
time from the first concentration to the second.

Calculation of Loading Dose Based
on Initial Calculated Maintenance Dose

and Accumulation Factor

loading dose =L4,
ll —8 ‘l

(See p. 189.]

where:

K0 = estimated maintenance dose,

1/[1 — e'n] = accumulation factor at steady state, and

1: = dosing interval at which estimated

maintenance dose is given.

Calculation of Patient-Specific

(i.e., Actual) K Based on Two Drug

Concentrations and Dosing Interval

InC
K: tough _m Coast

“II-f

[See p. 34.]
or:

lrougli=mgw—mc
T-f

Remembering a rule oflogarithms:

In a — 111 b = In [El/b), we can simplify this

equation for hand-held calculators:

 

DI":

r—f

Either equation may be used to calculate K.

T

 

 

l
x
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Appendix A I Basic and Drug-Specific Pharmacokinetic Equations 

Calculation of Patient-Specific (i.e., 
Actual) V Based on Actual K, and Dose 
(K0), T, and Two Drug Concentrations 

C peak (steady state) 

Ka(1 - e-Kt) 

VK(1 - e-K' ) 

(Seep. 74.) 

where: 

c peak(steady state) = cpeak measured at steady state, 

K0 = maintenance dose infused at time 
cpeak and ctrough were measured, 

V = patient's actual volume of 
distribution that you are trying to 
determine based on c peak and 
ctrough values, 

K = elimination rate constant calculated 
from patient's c peak and ctrough values, 

t = duration of infusion (hours), and 

T = patient's dosing interval at time · 
cpeak and c trough were measured. 

Calculation of Actual (i.e., New) Dosing 
Interval Based on Patient-Specific Value 
forK 

1 
-r =- (In Ctrough (desired) -In C peak (desired) ) + t -K 

(See pp. 186 and 194.) 

where tis the duration of infusion in hours and K is 
the actual elimination rate calculated from patient's 
peak and trough values. 

Calculation of Patient-Specific or 
Adjusted Maintenance Dose (Ko) 
Based on Actual Values for K and V 

C peak (steady state) 

(Seep. 74.) 

Ka(1-e-Kt ) 

VK(1 - e-K' ) 

where: 

c peak(steady state) = desired steady-state c peak; 

K0 = drug infusion rate (also adjusted 
maintenance dose you are trying to 
calculate, in milligrams per hour) ; 

V = actual volume of distribution deter
mined from patient's measured c peak 

and ctrough values, in liters; 

K = actual elimination rate constant 
calculated from patient's measured 
cpeak and c trough values, in reciprocal 
hours; 

t = infusion time, in hours; and 

T = adjusted dosing interval rounded to 
a practical number. 

Calculation of New Expected 
Ctrough(steady state> That Would Result from New 
Maintenance Dose and Interval Used 

-Kt' 
ctrough (steady state) = c peak (steady state) e 

(See p. 34 and Equation 3-2.) 

where K is actual patient-specific K. 

Calculation of Time to Hold Dose When 
Actual Ctrough from Laboratory Is Too High 

-Kt' 
ctrough (steady state)(desired) = ctrough (steady state) e 

where t' is the amount of time to hold the dose after 
the end of the dosing interval. 

Next, take the natural log of both sides: 

number = number (t') and then simply solve for t' , 
which is now not an exponent. 

Average Dose for Gentamicin or 
Tobramycin When Given as an 
Extended-Interval (i.e., Once Daily) 
Dose Based on Actual Body Weight 

X0 = 5.1 mg/kg actual body weight or 
adjusted body weight if IBW exceeds 

actual weight by ~ 35% 
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Calculation of Patient-Specific (l.e.,

Actual) VBased on Actual K, and Dose

(K0), 1', and Two Drug Concentrations

K (1—e'“)

Cpeakisleaflv slate! :ng
[See p. 7‘1")

where:

kafgmady mm] = CPeak measured at steady state,

Ko = maintenance dose infused at time

Cpeak and Cm“;h were measured,ll
V patient’s actual volume of

distribution that you are trying to

determine based on ka and

Ctrough values,
K = elimination rate constant calculated

from patient’s Cpuak and CmEh values.

.1“ = duration ofinfusion {hours}, and

1: = patient’s dosing interval at time

Cm and Cmmgh were measured.

Calculation of Actual (i.e., New) Dosing

Interval Based on Patient-Specific Value
for K

trough {desired} _ "1 Coach {deirwil + l‘ 
1

=—InC
'C ‘K(

(See pp. 186 and 194.]

where t is the duration ofinfusion in hours and Kis

the actual elimination rate calculated from patient’s

peak and trough values.

Calculation of Patient-Specific or

Adjusted Maintenance Dose (K0)
Based on Actual Values for K and V

Knl‘l - 8—“)
peak{s1eady slate} :W 

(See p. 74.)

Basic and Drug~5pecific Pharmacokinetic Equations
253

where:

Clmmmm1y mm = desired steady-state Creek;

Kn drug infusion rate [also adjusted

maintenance dose you are trying to

calculate, in milligrams per hour];

V = actual volume ofdistribution deter-

mined from patient's measured Cm.ak

and (2mm, values, in liters;
K = actual elimination rate constant

calculated from patient's measured

iC'Peak and Cmgl. values, in reciprocal
hours;

t = infusion time. in hours; and

1- : adjusted dosing interval rounded to

a practical number.

Calculation of New Expected

£2,qude am, That Would Result from New
Maintenance Dose and Interval Used

—Ki‘

Coast. {steam Slale}eC
trough [sleady slats} =

[See p. 34 and Equation 3-2.]

where Kis actual patient-specific K.

Calculation of Time to Hold Dose When

Actual Gin,“m1 from Laboratory Is Too High

0 =0
—Ki‘

hound isleadv stale] [desired] trough [steady slate:e

where t’ is the amount of time to hold the close after

the end of the dosing interval.

Next. take the natural log of both sides:

number: number (i’) and then simply solve for i'.

which is now not an exponent.

Average Dose for Gentamlcin or

Tobramycin When Given as an

Extended-Interval (I.e., Once Daily)

Dose Based on Actual Body Weight

X0 = 5.1 mgikg actual body weight or

adjusted body weight if IBW exceeds

actual weight by 2 35%

—#_—.__——_.__d
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Concepts in Clinical Pharmacokinetics 

Vancomycin Dosing Equations 

Calculation of Population Estimate 
for K Based on CrCI 

iifB K = 0.00083 hr -1 [CrCI (in ml /m in)] + 0.0044 

(Seep. 204.) 

Calculation of Population Estimate for 
Volume of Distribution ( V) Based on 
TBW 

V = 0.9 L/kg TBW 

(Seep. 204.) 

Note that, unlike the aminoglycosides, it is 
recommended that TBW be used to calculate the 
volume of distribution. 

Calculation of Best Dosing Interval (-r) 
Based on Desired Peak and Trough 
Concentrations 

iBJEI T =-
1
- [ In ctrough(desired) - In cpeak(desired) J + t + t' -K 

(Seep. 205 and Equation 12-4.) 

where: 

t = duration of infusion (usually 1 or 2 hours 
for vancomycin) and 

t' = time between end of infusion and collection 
of blood sample (usually 2 hours). 

Calculation of Initial Maintenance 
Dose (K0) Based on Estimates of 
K, v, Desired cpeak' T, and t 

Ka (1- 8 - Kt ) - Kt' 
----"---.,---8 
VK(1- 8-K-r ) C peak (steady state) 

(Seep. 205 and Equation 5-1.) 

where: 

cpeak(steady state) = desired peak concentration (usually 
2 hours after end of infusion), 

K0 = drug infusion rate (dose/infusion 
time), 

t = duration of infusion (usually 1 or 2 
hours for vancomycin), 

K = estimated elimination rate 
constant, 

v = estimated volume of distribution, 

t' = time between end of infusion and 
collection of blood sample (usually 
2 hours) (inclusion oft' is different 
from the calculation for aminogly-
cosides because sampling time for 
vancomycin is often at least 4 hours 
after the beginning of the infusion), 
and 

T = desired dosing interval, as 
determined above. 

Calculation of Ctrough Concentration 
Expected from Dose (K0) and Dosing 
Interval Used (-r) 

C - C - Kt" 
trough - peak(steady state)8 

(Seep. 206 and Equation 3-2.) 

where t" is the difference in time between the two 
plasma concentrations. 

Calculation of Patient-Specific 
(i.e., Actual) K Based on Two Drug 
Concentrations and Dosing Interval 

K = - _I n_ C--'tr...:..:ou"--gh_-_l_n _Cc:..:pe=-ak 

-r-t - t' 

(See Equation 3-1.) 

Calculation of Patient-Specific (i.e., 
Actual) V Based on Actual K from Two 
Drug Concentrations, Dose (K0), and -r 

C peak (steady state) 

(Seep. 205.) 

Ka(1-8-Kt ) - Kt ' 
-----"----8 
VK(1- 8-K' ) 

where c peak[steady state) = measured steady-state peak 
plasma concentration drawn 2 hours after end of 
infusion. 
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Concepts in Clinical Pharmacokinetics 

Vancomycin Dosing Equations 

Calculation of Population Estimate
for K Based on CrCl

K: 0.00083 hr" [CrCl (in mLimin)] + 0.0044

(Seep. 204.]

 

Calculation of Population Estimate for

Volume of Distribution (V) Based on
TBW

V: 0.9 Lfkg TBW 

[See p. 204.]

Note that, unlike the aminoglycosides, it is
recommended that TBW be used to calculate the

volume of distribution.

Calculation of Best Dosing Interval (1:)

Based on Desired Peak and Trough
Concentrations

72% [In C —|nCpeak [desiredi ]+t+t' trough [desiredi

[See p. 205 and Equation 12-4.]

where:

t = duration ofinfusion {usually 1 or 2 hours

for vaneomycin] and

time between end ofinfusion and collection

of blood sample [usually 2 hours).

Calculation of Initial Maintenance

Dose (Kn) Based on Estimates of

K, V, Desired Cm,“ T, and t

Kin—e “)8-..- 
oeakisleady stale} : VK (1 _ 3—“)

[See p. 205 and Equation 5-1.]

where:

Cpuakmcfldymm] = desired peak concentration [usually
2 hours after end ofinfusion],

K,J = drug infusion rate [dose/infusion

time].

duration ofinfusion [usually 1 or 2

hours for vancomycin],
x

u
estimated elimination rate

constant,

T
II

estimated volume of distribution,

time between end ofinfusion and

collection of blood sample [usually

2 hours] [inclusion of t' is different

from the calculation for aminogly-

cosides because sampling time for

vancomycin is often at least 4- hours

after the beginning of the infusion],
and

desired dosing interval, as
determined above.

Calculation of Cm, Concentration
Expected from Dose (K0) and Dosing

Interval Used (1:)

4””
 lCtrougll : peak{sleady 5131213

[See p. 206 and Equation 3-2.]

where t” is the difference in time between the two

plasma concentrations.

Calculation of Patient-Specific

(i.e., Actual) K Based on Two Drug

Concentrations and Dosing Interval

In C,rough _ lll Speak
t~l—l"

K :

[See Equation 3-1.)

Calculation of Patient-Specific (i.e.,

Actual) V Based on Actual Kfrom Two

Drug Concentrations, Dose (K0), and ‘E

K (l—e'“) _ .

Cpeaicismriysiaie: 2W8 m

[See p. 205.]

where kahmy mm} = measured steady-state peak
plasma concentration drawn 2 hours after end of
infusion.

 

 
A
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Appendix A I Basic and Drug-Specific Pharmacokinetic Equations 

Calculation of Actual (i.e., New) Dosing 
Interval Based on Patient-Specific Value 
forK 

iBE 1: = -
1
- [In C trough (desired) -In Cpeak (desired) ] + t + t' -K 

(Seep. 205.) 

Calculation of Patient-Specific 
Maintenance Dose (K0) Based 
on Actual Values for K and V 

C peak (steady state) 

(Seep. 205.) 

where: 

Ka(1-e-Kt ) -Kt' -----"---'-------'----e 
VK(1- e-Kt ) 

c pea k(steadystate) = desired peak concentration at 
steady state, 

K0 = drug infusion rate (also main
tenance dose you are trying to 
calculate, in milligrams per hour), 

V = volume of distribution, 

K = elimination rate constant calculated 

from c peak and c trough> 

t = infusion time (usually 1 or 2 hours), 

t' = time from end of infusion until 
concentration is determined 
(usually 2 hours for peak), and 

T = desired or most appropriate dosing 
interval. 

Calculation of New Expected 
Ctrough(steady state> That Would Result from New 
Maintenance Dose and Interval Used 

:&Wiill r" _ C -Kt" 
~ Lltrough(steady state) - peak(steady state)e 

(Seep. 206.) 

where t" is now the number of hours between the 
peak and trough (t" = T - t- t') . 

Calculation of Time to Hold Dose When 
Actual Ctrough from Laboratory Is Too High 

C - C e-Kt 
trougll(desired) - trough(actual) 

(Seep. 34 and Equation 3-2.) 

where tis the amount of time to hold the dose. 

Next, take the natural log of both sides: 
number= number (t') and then simply solve fort' 
which is now not an exponent. 

Theophylline Dosing Equations 

Equation for Calculating the Volume 
of Distribution for Theophylline 
and Aminophylline 

iE11J V(L) =weight (kg) x 0.5 L/kg 

(Seep. 223.) 

Equation for Calculating a Loading Dose 
of Theophylline or Aminophylline 

D = CpdV 
SF 

(Seep. 223.) 

Equation for Calculating Clearance 
for Theophylline or Aminophylline 

iE1BJ Cl = (0 .04 L/kg/hr) x weight (kg) 

(Seep. 223.) 

Equation for Calculating a Theophylline 
or Aminophylline Maintenance Dose 

D = C Pss Cl1: 
SF 

(Seep. 224.) 
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Calculation of Actual (i.e., New) Dosing

Interval Based on Patient-Specific Value
for K

 
i .

T :1 [In Encampment —il'l Cheakldwredl] + I +l

(See p. 205.]

Calculation of Patient-Specific

Maintenance Dose (K0) Based
on Actual Values for K and V

KD(1-—E_Ki) —Kl'

peak [STeaflyslatel :m
 

(See p. 205.]

where:

Cpmkmmysmell = desired peak concentration at
steady state,

K0 2 drug infusion rate (also main-

tenance close you are trying to

calculate, in milligrams per hour],

V = volume ofdistribution.

K = elimination rate constant calculated

from Cpeak and Clmugh,

t = infusion time [usually 1 or 2 hours],

t’ = time from end of infusion until

concentration is determined

[usually 2 hours for peak), and
Pi ll

desired or most appropriate dosing
interval.

Calculation of New Expected

Gama“(mmy mm, That Would Result from New
Maintenance Dose and Interval Used

m C - 8"”itouflh[sleauysialel — peakisteadvstalel

[See p. 206.)

where t” is now the number of hours between the

peak and trough (f’ = ‘l’ — t— l’].

 

Calculation of Time to Hold Dose When

Actual Oman from Laboratory Is Too High

C — 3"“lrcuglildesued] _ trougnracluali

[See p. 34 and Equation 3-2.)

where tis the amount oftime to hold the dose.

Next, take the natural log of both sides:

number = number [t’] and then simply solve for t'

which is now not an exponent.

Theophylline Dosing Equations 

Equation for Calculating the Volume

of Distribution for Theophylline

and Aminophylline

iii—'1 V(l_} 2 weight (kg) x 0.5 ng

[See p. 223.}

Equation for Calculating a Leading Dose

of Theophylline or Aminophylline

*devD-
SF

[See p. 223.)

Equation for Calculating Clearance

for Theophylline or Aminophylline

m Ci = (0.04 ngfhr) >< weight (kg)

[See p. 223.]

Equation for Calculating a Theophylline

or Aminophylline Maintenance Dose

_ Epss Cit
SF

151—4 D
 

[See p. 224.]
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256 
Concepts in Clinical Pharmacokinetics 

Phenytoin Dosing Equations 

Calculation of Population Estimate 
for Volume of Distribution ( V) 

V= 0.65 L/kg 

Michaelis-Menten Constant, Representing 
the Concentration of Phenytoin at Which. 
the Rate of Enzyme-Saturable Hepatic 
Metabolism Is One-Half of Maximum 
(%Vmax) 

Km = 4 mg/L 

Maximum Amount of Drug That 
Can Be Metabolized per Unit Time 

Vmax = 7 mg/kg/day 

Note: usually expressed as mgjday. 

Calculation of Phenytoin Loading Dose 

illl 

(Seep. 10.) 

where: 

X = v X c desired 

0 s 

V = volume of distribution estimate of 
0.65 L/kg, 

cdesired = concentration desired 1 hour after the 
end of the infusion, and 

S = salt factor. 

Two Representations of Michaelis
Menten Equation Used to Calculate 
Daily Dose [XofT ( S)] or Expected Serum 
Concentration Css 

- Xoh(S) = vmax X css 
Km +Css 

(See p. 152.) 

C = X0 h(S)xKm 
ss Vmax - Xo h(S) 

(Seep. 233.) 

Calculation of Time (in Days) for 
Phenytoin Dosing Regimen to Reach 
Approximately 90% of Its Steady-State 
Concentration 

(See p. 154.) 

where: 

xd = daily dose of phenytoin (in milligrams 
per day), 

V = volume of distribution, 

vmax = maximum rate of drug metabolism (in 
milligrams per day), and 

Km = Michaelis-Menten constant. 

Phenytoin Dosing Methods 

Method 1A (Empiric) 

Use 5 mgjkgjday. 

Method 18 (Population Parameters) 

Use population estimates for the Michaelis-Menten 
values for Km of 4 mg/L and Vm ax of? mgjkgjday and 
solve the general MME formula as shown below: 

X 0 h( S) = vmax X c ss - desired 

K m + C ss- desired 

Method 2 (One Steady-State Level) 

Use this method after you have one steady-state 
phenytoin serum drug concentration to solve for 
Vm ax while still using the population parameter for 
Km. 
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Concepts in Clinical Pharmacokinetics
 

Phenytoin Dosing Equations 

Calculation of Population Estimate

for Volume of Distribution (V)

V: 0.65 Lfkg

Michaelis~Menten Constant, Representing

the Concentration of Phenytoin at Which.

the Rate of Enzyme-Sawrable Hepatic
Metabolism Is One-Half of Maximum

(yévmax)

K,1 = 4 mgiL

Maximum Amount of Drug That

Can Be Metabolized per Unit Time

I/ma, : 7 mgikgiday

Note: usually expressed as mg/day.

Calculation of Phenytoin Loading Dose

V x C

X” Sdesired

(See p. 10.]

where:

V = volume ofdlstribution estimate of

0.65 L/kg,

Cm“Ed = concentration desired 1 hour after the
end ofthe infusion, and

S = saltfactor.

Two Representations of Michaelis—

Menten Equation Used to Calculate

Daily Dose [Xo/‘l' (5)] or Expected Serum

Concentration C”

mecss
m

Km+Css

 

XuidS) =

[See p. 152.)

c = XUKT(S)><Km
“ vm — XDMS)

 

[See p. 233.)

Calculation of Time (in Days) for

Phenytoin Dosing Regimen to Reach

Approximately 90% of Its Steady-State
Concentration

K V

rm :mfizs x vm) — (0.9 x m]max 0'

[See p. 154.]

where:

Xd

 

ll
daily dose of phenytoin {in milligrams

per day),

V = volume of distribution,

Vmax = maximum rate of drug metabolism [in

milligrams per day), and

K = Michaelis—Menten constant.m

Phenytoin Dosing Methods

Method 1A (Empiric)

Use 5 mg/kg/day.

Method 15 (Population Parameters)

Use population estimates for the Michaelis—Menten

values for K, of4- mgXL and Vmax of 7 mg/kg/day and

solve the general MME formula as shown below:

l/fl1 ><Cat 55— desired

Km+0m—tlesiieuXui'flS):

Method 2 (One Steady-State Level)

Use this method alter you have one steady-state

phenytoin serum drug concentration to solve for

VW while still using the population parameter For
Km.
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Appendix A I Basic and Drug-Specific Pharmacokinetic Equations 

First, to solve for Vmax: 

(Seep. 152.) 

where: 

v max = calculated estimate of patient's v max• 

Km = population estimate of 4 mg/L, 

Xd X S = patient'S daily dOSe Of phenytoin free 
acid, and 

Css = reported steady-state concentration. 

Second, after solving for this "better" value 
for Vmax• use it plus the old Km value in the MME to 
re-solve for dose, as shown below: 

(Seep. 152.) 

where: 

Xd x S = new dose of phenytoin (either free acid 
or salt), 

Css = desired steady-state concentration 
(usually 15 mg/L), 

Km = population estimate of 4 mg/L, and 

vmax = calculated estimate from above. 

Method 3 (Two Steady-State Levels) 

Use after you have two steady-state phenytoin 
concentrations from two different phenytoin doses. 
You can now work another equation to solve for a 
better value for Km (shown below). Then use this 
better Km value to once again re-solve for an even 
better Vmax value than used in Method 2. Once you 

get new (i.e., real) Km and Vmax• re-solve the MME 
equation for dose. 

First, solve for "real" Km. The slope of the line, 
which represents -Km, can now be calculated as 
follows: 

(Seep. 152.) 

where: 

X= dose (where X is milligrams of free acid) and 

C = concentration. 

Next, we substitute this new value for Km into 
the MME and solve for a Vmax as follows: 

(Seep. 152.) 

where: 

Xd x S = either of the doses the patient received, 
expressed as free acid, 

Css = steady-state concentration at the dose 
selected, and 

Km = calculated value. 

Finally, we substitute our new Vmax value (mgjday) 
and our calculated Km value (mgjmL) into the MME 
and solve for Xd as follows: 

(Seep. 152.) 
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First, to solve for anx:

(X5 >< SXKm + Gas—lat)
1i] .1 Vm :

Css—Iab

[See p. 1 S 2.]

where:

Vma,‘ = calculated estimate of patient’s VW,

Km = population estimate of4 mg/L,

X, x S = patient’s daily dose of phenytoin free
acid, and

(3,, = reported steady-state concentration.

Second, after solving for this ”better" value

for VW, use it plus the old Km value in the MME to
re-solve for dose, as shown below:

m de5=—Vmexce
Km +0SS

(See p. 152.)

where:

XIf x S = new dose ofphenytoin (either free acid

or salt],

C,x = desired steady-state concentration

(usually 15 mg/L],

Km = population estimate of4 mg/L, and

V = calculated estimate from above.max.

Method 3 (Two Steady-State Levels)

Use after you have two steady-state phenytoin

concentrations from two different phenytoin doses.

You can now work another equation to solve for a

better value for Km (shown below). Then use this

better K," value to once again i'e-solve for an even

better Vm value than used in Method 2. Once you

 

Basic and Drug-Specific Pharmacokinetic Equations
257

get new [i.e., real] Km and Vm re-solve the MME

equation for dose.

First, solve for "real" Km. The slope of the line,

which represents —Km, can now be calculated as
follows:

 
_ X1 — X2

‘h‘a_1
Cl 02

(See p. 152.}

where:

X: dose [where Xis milligrams of free acid] and

C: concentration.

Next, we substitute this new value for K," into

the MME and solve for a VW as follows:

“H Vr = (deS](Km+C$S)
“RX 055

(See p. 152.]

where:

X‘, x S = either ofthe doses the patient received,

expressed as free acid,

Cm = steady-state concentration at the dose
selected, and

K = calculated value.I"

Finally, we substitute our new Vm value [mg/day]

and our calculated Km value (mg/mL] into the MME

and solve for X" as follows:

I/WXCSS10—1 X S:—
“x Km+c$

[See p. 152.]

———..—_J
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Concepts in Clinical Pharmacokinetics 
258 

Digoxin Dosing Equations 

Volume of Distribution of Digoxin in 
Patients with Normal Renal Function 

~ Vss = 4 to 9 Llkg IBW (average, 6.7 L/kg IBW) 

(Seep. 242.) 

Equation for Estimating Total 
Systemic Clearance for Digoxin 

iD:'S] Cl 1 = (1 .303 x CrCI) + Clm 

(See p. 242.) 

where: 

Clt is expressed as mL/minute, 

Cl, = 40 mL/minute in patients with no or mild 
heart failure, and 

= 20 mL/minute in patients with moderate to 
severe heart failure. 

Equation Showing Relationship 
between Steady-State Plasma 
Concentration, Maintenance Dose, 
and Total Systemic Clearance 

C = Xd x1 0
6 

xF 
ss Cll X 't 

(Seep. 243.) 

""4' 
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APPENDIX B 

Supplemental Problems* 

QUESTIONS 

SP1. Antipyrine (a drug used for pharmacologic and pharmacokinetic studies 
in the evaluation of hepatic mixed-function oxidase activity) was admin
istered as a single intravenous (IV) bolus dose (1200 mg). The following 
plasma drug concentration and time data were collected: 

Time after Plasma Drug 
Dose (hours) Concentration (mg/L) 

2 26.1 
4 24.3 

8 20.7 
18 14.2 
32 8.6 
48 4.5 

Using semilog graph paper, determine the approximate time after the dose 
when the plasma drug concentration falls to 3.0 mg/L. 

A. SO hours 

B. 40 hours 

C. 70 hours 

D. 60 hours 

SP2. Using the same data for antipyrine dosing above, estimate the volume of 
distribution. 

A. 50.2 L 

B. 42.9 L 

C. 45.3 L 

D. 24.9 L 

*These problems supplement material presented in Lessons 1-11 . 
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APPENDIX B

Supplemental Problems"

 

QUESTIONS

SP1.

SP2.

Antipyrine [a drug used for pharmacologic and pharmacokinetic studies

in the evaluation of hepatic mixed-function oxidase activity] was admin-

istered as a single intravenous [IV] bolus dose (1200 mg). The following

plasma drug concentration and time data were collected:

Time after Plasma Drug
Dose {hours} Concentration {mull}

2 26‘1

4 24.3

8 20.7

18 14.2

32 8.6

48 4.5 

Using semilog graph paper, determine the approximate time after the close

when the plasma drug concentration falls to 3.0 mg/L.

A. 50 hours

B. 40 hours

C. 70 hours

D. 60 hours

Using the same data for antipyrine dosing above, estimate the volume of
distribution.

A. 50.2 L

B. 42.9 L

C. 45.3 L

D 24.9 L

‘These problems supplement material presented in Lessons 1—1 1.
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260 
Concepts in Clinical Pharmacokinetics 

SP3. Just after an IV dose of antibiotic X, the 
plasma drug concentration was 7.3 mg/L. 
Six hours later; the concentration was 2.9 mg/L. 
Predict the plasma drug concentration at 10 
hours after the dose. 

A. 2.9 mg/L 

B. 2.1 mg/L 

c. 1.63 mg/L 

D. 3.1 mg/L 

SP4. The following plasma drug concentration 
and time data were obtained after an IV 
bolus dose of procainamide ( 420 mg): 

Time after Plasma Drug 
Dose (hours) Concentration (mg/L) 

0 3.86 
0.5 3.36 

1.0 3.00 

2.0 2.29 

3.0 1.77 

5.0 1.06 

7.0 0.63 

10.0 0.29 

Calculate clearance by the area method. 

A. 27.83 L/hour 

B. 19.4 L/hour 

C. 33.6 Ljhour 

D. 11.8 Ljhour 

SP5. What will be the minimum concentration 
after the thirteenth IV dose of drug X if 
Cmax equals 100 mg/L after the first dose, 
K equals 0.4 hr-1, and T equals 6 hours? 
(Assume an IV bolus dose model.) 

A. 8.98 mg/L 

B. 9.98 mg/L 

C. 13.9 mg/L 

D. 7.36 mg/L 

SP6. An IV bolus dose of antibiotic Q (500 mg) 
was administered to a patient on an every-
6-hour schedule. Predict the plasma drug 
concentrations at 3 and 6 hours after dosing. 
Assume: (1) a one-compartment model, (2) 
TY2 = 4.95 hours, (3) Cit= 14.2 Ljhour, and 
( 4) the attainment of steady state. 

A. 5.7 and 3.7 mgjL, respectively 

B. 7.1 and 9.8 mg/L, respectively 

C. 3.7 and 2.9 mgjL, respectively 

D. 6.9 and 5.7 mgjL, respectively 

SP7. For the same patient, predict the plasma 
concentrations at 3 and 6 hours after the 
second dose. 

SP8. 

A. 6.46 and 5.02 mgjL, respectively 

B. 3.32 and 2.19 mgjL, respectively 

C. 8.12 and 5.78 mgjL, respectively 

D. 4.64 and 3.05 mgjL, respectively 

An 80-kg patient receives 500 mg of drug Y 
intravenously by bolus injection every 6 hours. 
Assume that V = 0.5 L/kg, and Tlf2= 6.4 hours. 
Predict the steady-state peak and trough 
concentrations. 

A. 28.6 and 14.7 mgjL, respectively 

B. 26.2 and 13.7 mgjL, respectively 

C. 24.3 and 12.9 mgjL, respectively 

D. 19.8 and 9.6 mgjL, respectively 

SP9. Calculate the theophylline clearance (Cit) 
for a 52-kg patient receiving a continuous 
IV infusion of aminophylline at 75 mgjhour. 
The patient's steady-state plasma theophy
lline concentration with this dose rate is 
20.2 mg/L. Assume that the patient's V = 
0.45 Ljkg. Remember; aminophylline= 80% 
theophylline. 

A. 2.97 L/hour 

B. 3.75 Ljhour 

C. 3.71 Ljhour 

D. 2.37 Ljhour 
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SP10. The following plasma concentration and 
time data were collected after a single 
500-mg IV dose of amikacin: 

Time after Amikacin 
Dose (hours) Concentration (mg/L) 

2 22.5 
4 18.4 

8 12.3 

16 5.6 

24 2.5 

36 0.75 

48 0.23 

Calculate K, v ..... , and Cit for this patient. 

A. 0.20 hr-1, 28.2 L, and 2.82 Ljhour, 
respectively 

B. 0.01 hr-1, 1.82 L, and 0.182 Ljhour, 
respectively 

C. 0.10 hr-1, 18.2 L, and 1.82 Ljhour, 
respectively 

D. 0.10 hr-1, 182 L, and 18.2 Ljhour, 
respectively 

SP11. Seven healthy female subjects were each 
given 1250 mg of an experimental drug 
(BB-K8) by IV bolus administration. The 
drug follows first-order kinetics. The 
following mean plasma concentration and 
time data were obtained: 

Time after Mean Plasma Drug 
Dose (hours) Concentration (mg/L) 

0 116.0 
0.08 108.3 

0.17 92.8 

0.25 83.3 

0.50 59.2 

0.75 38.2 

1.0 30.6 

1.5 22.9 

2.0 19.7 

3.0 13.2 

4.0 9.3 

5.0 7.3 

6.0 5.1 
7.0 4.1 

8.0 2.8 

Appendix B I Supplement al Prob lems 

Plot the plasma concentration versus time 
profile on semilog paper. From your graph, 
determine A, B, a, ~~ v ..... , and Cit (in milli
liters per minute). 

A. 3.60 hr-1, 0.41 hr-1, 39.1 L, and 11 L/hr, 
respectively 

B. 2.60 hr-1, 0.31 hr-1, 29.1 L, and 9 L/hr, 
respectively 

C. 1.60 hr-1, 0.21 hr-1, 19.1 L, and 7 Ljhr, 
respectively 

D. 4.60 hr-1, 0.35 hr-1, 49.1 L, and 12 L/hr, 
respectively 

SP12. Calculate v ..... given the data in Supple
mental Problem 1. Compare it with the V 
calculated (using the back-extrapolation 
method) in Supplemental Problem 2. 

A. 54.6 L 

B. 43.6 L 

C. 10.3 L 

D. 42.96 L 

SP13. An outpatient had been taking 400 mg of 
phenytoin per day for 1 month and had a 
plasma concentration of 6.0 mg/L when 
sampled 6 hours after the dose. Because of 
continued seizures, the dose was increased 
to 500 mgjday. Four weeks later, the patient 
was seen in a clinic, and the plasma drug 
concentration 6 hours after the dose was 
9.0 mg/L (assume steady state). The physi
cians asked that the dose be increased to 
provide a plasma concentration of 12 mg/L 
6 hours after the dose. What dose would you 
recommend? 

A. 552 mg phenytoin free acid/day 

B. 600 mg phenytoin free acid/day 

C. 652 mg phenytoin free acid/day 

D. 900 mg phenytoin free acid/day 
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ANSWERS 

SP1. A, B, C. Incorrect answers 

D. CORRECT ANSWER 

SP2. A, C, D. Incorrect answers 

B. CORRECT ANSWER 

C0 = 28 mg/L 

V = dose = 1200 mg = 42.9 L 
C0 28 mg/L 

SP3. A, B, D. Incorrect answers 

C. CORRECT ANSWER. First, calculate the 
elimination rate constant (K): 

K =_(In 7.3 - ln 2.9) = 0.15 hr_1 

(0- 6 hr) 

Then use these equations: 

C- C e - Kt - 0 

C = (7 3 mg/L)e-o.1shr-'(10hrl 
at 10 hr · 

= 1.63 mg/L 

SP4. A. CORRECT ANSWER. To calculate clear-
ance by the area method, we need to 
know the area under the plasma concen
tration curve (AUC) and the dose (X0). 

Therefore, it is first necessary to calcu
late AUC using the trapezoidal method 
as shown below. Note that one way to 
indicate an AUC from one time point 
to another is as AUC0~0.5 , which means 
AUC from 0 to 0.5 hour. 

AUCo_,os == (3.84 mg/L; 3.36 mg/L) x (0 .5- 0 hr) 

== 1.80 (mg/L) x hr 

AUC
05

_,
1 

== (
3
.
36

; 
3
·
00

) x (1- 0.5) == 1.59 (mg/L) x hr 

AUC
1
_,

2 
== (3.00; 2·29) x (2 - 1) == 2.65 (mg/L) x hr 

AUC
2
_,

3 
== (

2
·
29 

; 
1
· 
77

) x (3 - 2) == 2.03 (mg/L) x hr 

AUC
2
_,

3 
== (

2
·
29

; 
1
·
77

) x (3 - 2) == 2.03 (mg/L) xhr 

AUC
3
_,

5 
== (1. 77 ; 1·06) x (5-3)== 2.83 (mg/L) x hr 

AUC
5
_, 7 == (

1
·
06

; 
0
·
63

) x (7 - 5) == 1.69 (mg/L) x hr 

AUC
7
_,

10 
== (0. 63 ; 0·29) x (1 0- 7) == 1.38 (mg/L) x hr 

AUC == c1 0 hr 0.29 mg/L == 1.12 (m /L) X hr 
10

-->"' K 0.26 hr-1 g 

AUC == 1.80+ 1.59+2.65+2.03+2.83+ 1.69+ 1.38+ 1.12 
== 15.09 (mg/L) x hr 

Cl == ~ == 420 
mg == 27.83 Uhr 

1 AUC 15.09 (mg/L) x hr 

B, C, D. Incorrect answers 

""""" 
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SPS. A, C, D. Incorrect answers 

B. CORRECT ANSWER. To determine Cmin 

after the thirteenth dose, first calculate 
cmax after the thirteenth dose using the 
multiple-dose equation: 

(1_ 8-nK' ) 
cmax(nth dose) = cmax(nth dose) (1- 8-KT ) 

Then: 

(1- el-13)(0.4 hr-1)(6 hr)) 
= (1 00 mg/L)_:_(_1 __ -el--o-.4 -hr_-,-,li-6 -hr)-) 

= 110 mg/L 

C . = C 8-Kr = (11 0 mg/l)ei-0.4 hr-'ll6 hr) mm13 max13 

= 9.98 mg/L 

SP6. A. CORRECT ANSWER. To predict plasma 
concentrations 3 and 6 hours after a 
dose at steady state, we should first esti
mate the cmax (at 0 hour after the dose) 
using the steady-state IV equation: 

So we first need to estimate V and K. V 
can be estimated from: 

Then: 

V =~= 14.2 Uhr 

K ( 0.693 ) 
4.95 hr 

V = 101.43 L 

Appendix B I Supplemental Problems 

Note that: 

Then: 

C = 500 mg 
max (1 01 .43 L)(1- e-o 14 hr-' 16 hrl) 

= 8.67 mg/L 

From Cmax• the concentration at any time 
after a dose can be calculated by: 

So: 

= 5.7 mg/L 

and: 

C6hr = (8.67 mg/L)(e-o14hr-'16 hrl) 

= 3.74 mg/L 

8, C, D. Incorrect answers 

SP7. A, 8, C. Incorrect answers 

D. CORRECT ANSWER. The equations used 
to solve Supplemental Problem 5 can be 
used here, with the number of doses (n) 
equal to 2 rather than 13: 

X (1-e-nK' ) c =----"-0 __ _ 
max( 2nd dose) v (1- e - K T) 

(500 mg)(1 - ei-2)(-0 14 hr-1)(6 hr) ) 
=----------,----

(1 01 .43 L)(1- 81-o 14 hr-' )(6 hr)) 

= 7.06 mg/L 

Then: 

C C - KI 
I = max8 

= 4.64 mg/L 
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AppendixB | Supplemental Problems

SP5.

SPE.

A. C. D. incorrect answers

B. CORRECT ANSWER. To determine Cm.l1
after the thirteenth dose. first calculate

Cm, after the thirteenth close using the

multiple-dose equation:

0 _ (1-3m
rnaalmh {loser maxlmli Lh-Sfii {1_ 8 4(1)

(-1_ e—I3Kt}C . = C . —-—
mam maxi (1*9_Kr)

_ (1 _ ei-IGHfl-d nr":ta nu)
- (100 mgfl‘) (1‘ 3:41»: nrhts my)

=110 mgr'L

Then:

Clninla = mama—Nr = (110 mgi‘I—iei—M ”Jim In]

29.98 mg/L

A. CORRECT ANSWER. To predict plasma
concentrations 3 and 6 hours after a

dose at steady state. we should first esti-

mate the CW [at 0 hour after the dose]

using the steady~state IV equation:

XD
c =__

I'M! Vu—e—Kr)

So we first need to estimate Vand K. V

can be estimated from:

CI, = W

Then:

Vzg2142L/nr

K [ 0.693 ]4.95 hr

V2101.43L

 

 

Note that:

K = 0'69? =0.14 hr"
Tie

Then:

C _ 500 mg
max _ (10143 L)(1_e—I1I4nr 'nlui)

=86? mgrL

From Cm, the concentration at any time

after a dose can be calculated by:

of = Cll'lale fin

So:

03” = (8.57 mgfLXe—DM ru ‘15 m}

= 5.? mg;]_

and:

05 hr ___ (8.6? mgfLMe-flidlu ’lfilui)

= 3.74 mgfL

B, C, D. incorrect answers

SP7. A, B, C. Incorrect answers

D. CORRECT ANSWER. The equations used

to solve Supplemental Problem 5 can be

used here, with the number of closes [n]

equal to 2 rather than 13:

XD(1—e'”"")
CmaxtEnd nose: 2W

(“31.43 L)(‘i — ei‘O-“i 1" ‘Jifi I1”)

= 106 mg/L

Then:

0, = Cme'“

03.. = (106 mgfL)(eH"”“' W)

= 4.64 mgfL
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and: 

C6 hr = (7 .06 mg/L)(e(-o 14 hr-1)(6 hr) ) 

= 3.05 mg/L 

SP8. A, C, D. Incorrect answers 

B. CORRECT ANSWER. First, determine K 

and total V: 

v = 0.5 Ukg X 80 kg= 40 L 

K = 0.693 = 0.693 = O. 108 hr-1 
T }0 6.4 hr 

Then use the steady-state multiple-dose 
equation (for IV bolus doses): 

500 mg 
- ( 40 L)(1- 8-o.1o8 hr-

1
(6 hr) ) 

= 26.2 mg/L 

C c - KT 
trough = peak e 

= (26.2 mg/L)e-o.1o8 hr-
1
(6 hr) 

= 13.7 mg/L 

SP9. A. CORRECT ANSWER. To calculate 
clearance, use the relationship: 

Cl = ~ = 75 mg/hr (0.80) = 2.97 Uhr 
1 Css 20.2 mg/L 

B, C, D. Incorrect answers 

SP10. A, B; D. Incorrect answers 

C. CORRECT ANSWER. First, the data 
should be plotted on semilog graph 
paper to determine if they are linear or 
nonlinear. When the points are deter
mined to make a straight line, any two 
may be chosen to calculate K. (It is best, 
however, to choose two that are not close 
to each other, such as 2 and 4 hours.) So: 

K = _11Y =-( In 0.75 - ln 22.5) = 0.10 hr-1 
11X 36 hr - 2 hr 

Then: 

T h = 
0
·
693 

= 6.93 hr 
K 

To calculate V area and Cit , we should 
first estimate the AUC. With a one
compartment, first-order model after IV 
administration, the calculation of AUC is 
simplified. In this case: 

AUC =Co 
K 

where Co is determined by ct = Coe-Kt. 
For t = 2 hours: 

Then: 

C0 = 27.5 mg/L 

and: 

AUC = 27.5 mg/L 
0.1 hr-1 

= 275 mg/L x hr 
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264*

SP8.

5!“).

and:

CEhr = {7.06 mgr’1_)(e""-”l War-u)

= 3.05 mgfL

A. C, D. Incorrect answers

B. CORRECT ANSWER. First. determine K

and total V:

V=O.5 ng >< 80kg=4UL

K __ 0.693 _ 0.693
1% 5.4 hr

:0108 fr1
  

Then use the steady-state multiple-dose

equation (for IV bolus doses):

X 1

Speak : V0[ 1 - 8"“)
500 mg

(40 L)“ _ e—fl.'|03l1l‘"[6 IlrJ)

: 26.2 mg/L

 

G1mm : make—h

= (26.2 mgrLie-U-‘m‘“"“E "”

:13] mgfL

A. CORRECT ANSWER. To calculate

clearance, use the relationship:

01 =K =W=297 Uhr_o

' 0.5 20.2 mgfL

B, C, D. Incorrect answers

SP1D. A, B; D. Incorrect answers

C. CORRECT ANSWER. First, the data

should be plotted on semilog graph

paper to determine if they are linear or

nonlinear. When the points are deter-

mined to make a straight line, any two

may be chosen to calculate K. [It is best,
however, to choose two that are not close

to each other, such as 2 and 4 hours.) So:

K: __
AX 35 lit—2 hr

Then:

0.593

K

_AY _ _[ln 0.?5~|n 22'5]=0.10hr“

 

Tfiz :6.93 hr

To calculate Vma and (31., we should
first estimate the AUC. With a one-

compartment. first-order model after N
administration, the calculation ofAUC is

simplified. In this case:

RUG:fl
K

where CD is determined by C. = Coe‘”.
For t = 2 hours:

22.5 mgfL : Cue—0.10 rr'o n]

Then:

on =27.5 mgfL

and:

AUC = 2?.5 mgr/L
0.1 hr

2 275 mgfL x hr

 
 
i

Opiant Exhibit 2059
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc.

lPR2019-00685

Page 274



Then: 

V = Xo 
area AUG x K 

500 mg =----------==--------
(275 mg/L xhr)(0.10 hr-1

) 

= 18.2 L 

Gl =__&_ 
I AUG 

= 500 mg = 1 .82 Uhr 
(275 mg/L x hr) 

Note that the use of AUC for calculation 
of clearance generally produces a more 
accurate estimate than the use of 
Cit= K X v. 

SP11. A, C, D. Incorrect answers 

B. CORRECT ANSWER. A, B, a, and ~will be 
calculated using residuals. First, back
extrapolate the terminal (straight-line) 
portion of the plot and estimate the 
back-extrapolated points. Determine 
the residual points by subtracting the 
back-extrapolated concentrations from 
the actual concentrations. 

Back 
Actual Extrapolated Residual 
Points Points Points 

108.3 - 32.0 76.3 mg/L 

92.8 - 31 .0 61 .8 mg/L 

83.3 - 30.0 53.3 mg/L 

59.2 - 28.0 31 .2 mg/L 

38.2 - 26.0 12.2 mg/L 

30.6 - 24.0 6.6 mg/L 

22.9 - 21.0 1.9 mg/L 

Then plot the residual points on the 
same graph. From the back-extrapolated 
line, the intercept = B (equals 33 mg/L) 
and the terminal slope gives ~: 

Appendix B I Supplemental Problems 

~=In 2.8 -In 13.2 = _0.31 
8 hr -3 hr 

= 0.31 hr-1 

Then from the residual line, the intercept 
=A (equals 84 mg/L) and the slope gives a: 

a= In 1.9 -In 76.3 = _2.60 
1.5 hr- 0.08 hr 

= 2.60 hr-1 

To calculate Varea and Cit, the AUC must 
first be determined. The AUC can be 
estimated using the trapezoidal rule or 
by adding the area of each exponential 
equation: 

AUG=~+ B =32.3+106.5 
a ~ 

= 138.8 (mg/L) x hr 

Then: 

V = dose 
area AUG x ~ 

265 

= 1250mg = 29.1L 
[138.8 (mg/L) xhr](0.31 hr-1

) 

Gl =dose 
I AUG 

= 1250 mg = 9.0 Uhr 
138.8 mg/L 

SP12. A, B, C. Incorrect answers 

D. CORRECT ANSWER. 

V = dose 
area AUG X K 

K = 0.037 hr-1 
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SPIL

 

 

Then:

X
V = U

“a“ AUCxK

_ 500 mg

(275 mglL x mm 0 hr“)

=18.2 L

X
CI = "

' AUC

500 mg
=——— =1.82 Uhr

(275 mgle hr)

Note that the use of AUC for calculation

of clearance generally produces a more
accurate estimate than the use of

Cl,=Kx V.

A, C, D. Incorrect answers

B. CORRECT ANSWER. A, B, a. and B will be

calculated using residuals. First, back»

extrapolate the terminal [straight-line)

portion of the plot and estimate the

back-extrapolated points. Determine

the residual points by subtracting the

back-extrapolated concentrations from
the actual concentrations.

Back

Actual Extrapolaled Residual
Points Points Points

108.3 — 32.0 = ?6.3 mgr‘L

02.8 — 31.0 = 61.8 mgrL

83.3 — 30.0 = 53.3 mgrL

59.2 — 28.0 = 31.2 mgfL

38.2 — 25.0 = 12.2 mgfL

30.6 — 24.0 = 6.6 mgr‘L

22.9 — 21.0 = 1.9 mgrL

Then plot the residual points on the

same graph. From the back- extrapolated

line, the intercept = 3 [equals 33 mg/L]

and the terminal slope gives [3:

SPIZ.

l3= In 2.8—ln 13.2 : _0_31
B hr-3 hr

= 0.31 hr"

Then From the residual line, the intercept

=A [equals 84 rug/L] and the slope gives a:

a _ In 1.9—In 76.3 _
_ 1.5 hr—UDB hr

= 2.60 hr"I

To calculate Vma and Cl” the AUC must
first be determined. The AUC can be

estimated using the trapezoidal rule or

by adding the area of each exponential

equation:

AUC=5+g=323+10550'.

=138.8 {mg/L)xhr

Then:

V _ close
“we AUCxB

 

_ 1250 mg

[138.8 {mg!L)xhrJ(0.31 hr“)

”2%
’_ AUG

: @919. = 911 um
138.3 mg/L

CI

A. B, C. incorrect answers

D. CORRECT ANSWER.

dose
1/ =

“"33 AUC x K

K = 0.03? hi"1

 

265
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To calculate the AUC, the C0 must first be 
estimated from the plot (C0 = 28 mg/L): 

AUC
0
_.2 = (28 + 26~ 1 )(2- O) =54. 1 (mg/L) x hr 

AUC2_.4 = (26· 1 + 2; ·3)(4- 2) = 50.4 (mg/L) x hr 

AUC4_.8 = (24·3 + 2~· 7)(8 - 4) = 90.0 (mg/L) x hr 

AUC8_.18 = (20·7 + 1 ~· 2)(18 - 8) = 17 4.5 (mg/L) x hr 

AUC1 8---.32 = (14.2 + 8.:)(32 -18) = 159.6 (mg/L) x hr 

AUC 32_. 48 = (8·6 + 4 ·~(48 - 32) = 1 04.8 (mg/L) x hr 

AUC = c48 = 4·5 mg/L = 121 .6 (m /L) X hr 48
--->"' K 0.037 hr-1 g 

Then: 

AUC=54.1+50.4 +90.0 +174.5 +159.6 

+ 1 04.8 + 121 .6 

= 755 (mg/L) x hr 

V Xo 
area AUC X K 

1200 mg 

[755 (mg/L) xhr](0.037 hr-1) 

= 42.96 L 

So, in this case, the two estimates for V 
are similar. 

SP13. A, C, D. Incorrect answers 

B. CORRECT ANSWER. Phenytoin follows 
Michaelis-Menten (saturable) pharmaco
kinetics. To determine Vm and Km, the 
daily dose must be plotted (y-axis) 
versus the daily dose divided by the 
resulting steady-state concentrations 
(x-axis). From a plot of the dose (y-axis) 
versus dose/concentration (x-axis), the 
following are observed: 

vm = 1000 mg daily (which is equal to 
they-intercept) 

Km = 9.0 mg/L (which equals -slope) 

Then: 

vc dose= m ss 
Km +Css 

where: 

Css = 12 mg/L, the desired concentration : 

(1 000 mg)(12 mg/L) 
571 

/d 
-'----~:....:....___.::.____:__ = mg ay 
9.0 mg/L + 12 mg/L 

Therefore, the likely daily dose would be 
600 mgjday. 

Alternatively, you can use Equation 
10-2, p. X, to calculate -Km from these 
two doses and two levels. Both methods 
should give the same answer. 
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APPENDIX C 

Glossary 

Area under the first moment curve (AUMC)-the area under the first moment 
curve (drug concentration x time) versus time (moment) curve, an important 
model-independent pharmacokinetic parameter. 

Area under the plasma concentration versus time curve (AU C)-the area 
formed under the curve when plasma drug concentration is plotted versus 
time. Drug clearance is equal to the dose administered divided by AUC. 

Bioavailability (F)-the fraction of a given drug dose that reaches the systemic 
circulation. 

Biopharmaceutics-the study of the relationship between the nature and 
intensity of a drug's biologic effects and various drug formulation or admin
istration factors, such as the drug's chemical nature, inert formulation 
substances, pharmaceutical processes used to manufacture the dosage form, 
and routes of administration. 

Clearance-the process of removing a drug from plasma (expressed as volume 
of plasma per a given unit of time). 

Clinical pharmacokinetics-the application ofpharmacokinetic principles 
to the safe and effective therapeutic management of drugs in an individual 
patient. 

Compartmental model-a basic type of model used in pharmacokinetics. 
Compartmental models are categorized by the number of compartments 
needed to describe the drug's behavior in the body. There are one-compart
ment, two-compartment, and multi-compartment models. The compartments 
do not represent a specific tissue or fluid but may represent a group of 
similar tissues or fluids. 

Drug distribution-transport processes that deliver drug to body tissues and 
fluids after absorption. 

50% effective concentration (EC50)-the concentration at which 50% of the 
maximum drug effect is achieved. 

Elimination rate constant (K)-a constant representing the fraction of drug 
removed per unit of time (in units of reciprocal time, usually hr -1). 

267 
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APPENDIX 0

Glossary

Area under the first moment curve {AUMC]—the area under the first moment

curve [drug concentration x time] versus time [moment] curve, an important

model-independent pharmacokinetic parameter.

Area under the plasma concentration versus time curve {AUG—the area

formed under the curve when plasma drug concentration is plotted versus

time. Drug clearance is equal to the dose administered divided by AUC.

Bioavailability {Fl—the fraction ofa given drug dose that reaches the systemic
circulation.

Biopharmaceutics—the study of the relationship between the nature and

intensity ofa drug’s biologic effects and various drug formulation or admin-

istration factors, such as the drug’s chemical nature, inert formulation

substances, pharmaceutical processes used to manufacture the dosage form,
and routes of administration.

Clearance—the process of removing a drug from plasma [expressed as volume

of plasma per a given unit of time}.

Clinical pharmacokinetics—the application of pharmacokinetic principles

to the safe and effective therapeutic management of drugs in an individual

patient.

Compartmental model—a basic type of model used in pharmacokinetics.

Compartmental models are categorized by the number of compartments

needed to describe the drug's behavior in the body. There are one-compart-

ment, two-compartment, and multi-compartment models. The compartments

do not represent a specific tissue or fluid but may represent a group of
similar tissues or fluids.

Drug distribution—transport processes that deliver drug to body tissues and

fluids after absorption.

50% effective concentration (ECSJ—the concentration at which 50% of the

maximum drug effect is achieved.

Elimination rate constant (IQ—a constant representing the fraction of drug

removed per unit oftime [in units of reciprocal time, usually hr '1].
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Extraction ratio (E)-the fraction of drug 
removed from plasma by one pass through an 
organ. This ratio is a number between 1 and 0. 
Organs that are very efficient at eliminating a 
drug will have an extraction ratio approaching 
1 (i.e., 100% extraction). 

First-order elimination-when the amount of 
drug eliminated from the body in a specific 
time is dependent on the amount of drug in the 
body at that time. A straight line is obtained 
from the natural log of plasma drug concentra
tion versus time plot only for drugs that follow 
first-order elimination. 

First-pass effect-drug metabolism by the liver 
that occurs after absorption but before the 
drug reaches the systemic circulation. 

Formation clearance (CLP-+mxl-a model
independent parameter that provides a 
meaningful estimate of a drug's fractional 
metabolic clearance. 

Half-life (B11)-the amount of time necessary for a 
plasma drug concentration to decrease by half. 

Kinetic homogeneity-the predictable relation
ship between plasma drug concentration and 
concentration at the receptor site. 

Mean residence time (MRT)-the average time 
for intact drug molecules to transit or reside in 
the body. 

Minimum inhibitory concentration-the lowest 
concentration of an antibacterial agent that will 
inhibit the visible growth of a microorganism 
after overnight incubation. 

Model-a simplified mathematical simulation of 
physiologic processes used to predict the time 
course of drug concentrations or effect in the body. 

Model-independent parameter-a pharmaco
kinetic parameter, such as clearance, that can be 
calculated without the use of a specific model. 

Model-independent pharmacokinetics
pharmacokinetic calculations using param
eters that do not require the use of specific 
compartmental models (e.g., one-compartment, 
two-compartment, etc.). 

Pharmacodynamics-the relationship between 
drug concentrations at the site of action and 
the resulting effect, including the time course 
and intensity of therapeutic and adverse 
effects. 

Pharmacokinetics-the relationship of drug dose 
to the time course of drug absorption, distribu
tion, metabolism, and excretion. 

Plasma-the fluid portion of blood (including 
soluble proteins but not formed elements). 

Receptor-a structure on the surface of a cell to 
which a drug binds and causes an effect within 
the cell. 

Serum-the fluid portion of blood that remains 
when the soluble protein fibrinogen is removed 
from plasma. 

Steady state-the point at which, after multiple 
doses, the amount of drug administered over 
a dosing interval equals the amount of drug 
being eliminated over that same period. 

Therapeutic drug monitoring-determination of 
plasma drug concentrations and clinical data to 
optimize a patient's drug therapy. 

Therapeutic range-the plasma concentration 
range that is effective and safe in treating 
specific diseases. 
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Tolerance-decreased drug effectiveness with 
continued use. 

Volume of distribution (V)-an important indi
cator of the extent of drug distribution into 
body fluids and tissues, V relates the amount 
of drug in the body to the measured concen
tration in the plasma. Thus, Vis the volume 
required to account for all of the drug in the 
body if the concentration in all tissues is the 
same as the plasma concentration. 

Appendix C I Glossary 

Volume of distribution at steady state (V55)-a 
parameter that relates total amount of drug in 
the body to a particular plasma concentration 
under steady-state conditions. 

Zero-order elimination-when the amount of drug 
eliminated for each time interval is constant, 
regardless of the amount of drug in the body. 
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Page numbers followed by f refer to figures; those followed by t refer to tables. 

A 

Absorption of drugs, 99-114 

and bioavailability, 102-103 

and disposition in body, 100f 

and drug effects in chronic diseases, 108 

and elimination processes, 102, 102f, 103-106 

and fraction reaching systemic circulation, 108, 134 

and plasma drug concentrations, 101-107, 101f-107f 

discussion points on, 114 

in oral administration, 104-106, 134 

processes involved in, 100f 

nonlinear, 150, 150t 

of digoxin, 102, 242 

review questions and answers on, 109-113 

with controlled-release products, 106-108, 107f 

with different formulations, 100, 101 

zero-order, 106 

Absorption rate constant (K.), 104-105, 108 

Accumulation factor, 250 

at steady state, 53-55, 250 

for aminoglycosides, 189 

definition of, 52 

equation for, 52 

in intravenous bolus administration, 52-55 

peak concentrations and, 52 

predicting concentrations before steady state achievement with, 52 

Acetaminophen metabolism, 131t, 132t 

Acetylation in drug metabolism, 132, 132t 

Adaptive resistance to aminoglycosides, 197 

Adipose tissue, drug distribution in, 7 

Adverse effects, of theophylline, 224, 226 

Age-related changes, 159-160 

and plasma drug concentration, 5 

in body composition, 159-160, 160f 

in glomerular filtration rate, 181, 181f 

Albumin binding to drugs, 117-118, 119t 

drug interactions affecting, 119, 119t 

in disease states, 119-120, 121 

Alcohol 

affecting metabolism of other drugs, 131, 131t 

metabolism of, 131t 
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272 
Concepts in Clinical Pharmacokinetics 

Alfentanil metabolism, 131t 

Alpha-1-acid glycoprotein binding to drugs, 
119, 119t 

in disease states, 120, 137 

Alpha negative slope in residual line, 85, 85f, 
86 

Amikacin 

cross-reactivity in assays, 164 

dosing regimens, 182 

and desired plasma concentration, 
184 

extended-interval, 197, 197t, 198, 
199, 200, 201 

Aminoglycosides, 199-202 

accumulation factor for predicting 
concentrations of, 52 

amikacin. See Amikacin 

assay methods for 

cross-reactivity in, 164 

penicillin affecting, 165-166 

case studies on, 184-201 

clearance of, compared to creatinine 
clearance, 140, 141f, 182, 183f 

desired plasma concentration of, 184 

discussion points on, 202 

distribution of, 8, 82, 116 

in obesity, 162-163 

dosing equations on, 251-253 

dosing interval for, 184-186, 193-194, 
252, 253 

and calculation of time to hold a 
dose, 195-196, 196f, 253 

extended-interval, 196-199, 197t, 
198f, 253 

ideal body weight and, 197-198 

dosing regimens for, 182 

elimination rate constant for, 140, 141f, 
182-184, 185, 186, 187, 192-193 

and creatinine clearance rate, 183, 
185, 251 

calculation of, 192-193, 252 

first-order elimination of, 26 

gentamicin. See Gentamicin 

half-life of, 185, 188, 191, 192, 196, 
198-199 

loading dose of, 184-185, 188f, 189-190, 
252 

maintenance dose of, 183, 187-188, 
252-253 

in case studies, 184-185, 187-189, 
194, 195, 200 

peak and trough concentrations of, 160, 
184, 185-186, 187-188, 190-191, 
191f, 192-196,199-200 

and penicillin interactions, 165-166 

in extended interval dosing, 182, 
196, 199-200 

prediction of, 52 

pharmacokinetic variations in obesity, 
162-163 

steady-state concentration of, 187, 188, 
191,194-195,200 

tobramycin, 182 

desired plasma concentration of, 
184 

extended-interval dosing of, 197, 
197t, 198, 198f, 199, 253 

vancomycin compared to, 204, 205, 206, 
207 

volume of distribution, 182-184, 185, 
187,189,191,193-194,200 

and ideal body weight, 182, 185, 
251 

calculation of, 193-194 

Aminophylline, 221-229 

discussion points on, 229 

dosing equations for, 255 

infusion rate for, 223, 225 

loading dose of, 222-223, 223f, 225, 227, 
255 

maintenance dose of, 224-228, 255 

theophylline dose equivalent, 221, 223 

Amiodarone affecting metabolism of other 
drugs, 131t 

Amlodipine, lOt, 25t 

Amphetamine metabolism, 132t 

Amphotericin in lipid emulsion, 117 

Ampicillin, protein binding of, 118t 

Antibiotics 

aminoglycoside. See Aminoglycosides 

first-order elimination of, 26 

minimum concentration inhibiting 
bacterial growth, 6 

vancomycin. See Vancomycin 

Antimalarial drugs, 23 

Antipyrine, intrinsic clearance of, 134t 

Apparent volume of distribution, 22 

Area under the moment curve. See AUMC 

Area under the plasma concentration versus 
time curve. See AUC 

Ascorbic acid, nonlinear pharmacokinetics 
of, 150t 

Aspirin 

controlled-release formulations of, 106t 

intrinsic clearance of, 134t 

metabolism of, 132t 

nonlinear pharmacokinetics of, 149 

steady-state concentration of, 54 

Assay methods, 163-165 

calibration of instruments in, 165-166 

cross-reactivity in, 164-165 

drug interactions affecting, 165, 166-167 

drug concentration in plasma and, 4 

interferences in, 164-165 

lower limit of drug detection in, 164 

physiochemical factors affecting 
accuracy of, 164-165 

quality control checks in, 165 

sample collection and handling in, 
163-164 

sampling times in, 165-166 

sensitivity of, 164-165 

specificity of, 164 

upper limit of drug detection in, 164 

Astemizole metabolism, 131t 

Atorvastatin, 37t, 54t 

AUC (area under plasma concentration versus 
time curve), 38-39, 38f-39f 

and bioavailability of drugs, 101 

and clearance, 39 

renal, 139 

total body, 167, 167f, 168 

and volume of distribution at steady 
state, 168, 169 

definition of, 267 

determination of, 38, 250 

for one dosing interval, 57, 57f 

trapezoidal rule in, 38-39, 39f, 167 

discussion, 44 

for controlled-release products, 108 

relationship to drug dose, 102, 149, 150f 

in dose-dependent pharmaco-
kinetics, 149, 150f 

review questions and answers, 40-43 

sustained-release products and, 107 

terminal part of, 39, 39f, 168 

AUMC (area under the moment curve) 

and total body clearance, 167f, 167-168 

and volume of distribution at steady 
state, 168, 169 

definition of, 267 

Average steady-state concentration, 57f, 
57-58 . 

B 

Back-extrapolation 

for concentration just after IV 
administration, 21 

in absorption rate constant calculation, 
104-105, 104f-105f 

negative slope beta(~) in, 86, 87, 87f 

Bactericidal activity of aminoglycosides, 196 

Benzodiazepine concentration and tissue 
distribution, 8 

Beta-lactam antimicrobials, 6 

Beta negative slope in back-extrapolated line, 
86, 87, 87f 

Biexponential elimination, 82, 87, 87f 

of vancomycin, 203 

Biexponential equation 

definition of, 86 

volume of distribution and, 86-87 

Biliary clearance, 23, 129, 133 

Bilirubin as assay interference, 165 

Bioavailability (F), 102-103 

definition of, 26 7 

factors affecting, 100 

of digoxin, 101, 242, 244, 246 
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of phenytoin, 232 

Biopharmaceutics, 99-114 
absorption and. See Absorption of drugs 

definition of, 99, 267 

introduction to, 99-102 

Biotransformation, 128, 129,130, 131-132. 
See also Metabolism 
liver functions in, 129,130-131 

Blood 
compared to plasma and serum, 22f, 

22-23, 163 

definition of, 22, 22f 

Blood-brain barrier, 116, 121 

Blood flow 
and clearance rate, 22f, 22-23, 24t 

extraction ratio in, 132-134 

and drug distribution, 115, 116 

hepatic, 24, 129, 129f 
and extraction ratio,132-134 

through organ (Q), 23, 24 

Body composition 
age-related changes in, 159-160, 160f 

and creatinine clearance, 183 

in obesity, 162-163 

Body fluids. See Fluids of body 

Body weight 
adjusted, 116, 141, 180, 180t, 182, 251 

and aminoglycoside extended
interval dosing, 197 

and aminoglycoside volume of 
distribution, 183, 251 

and creatinine clearance, 141-142, 180t, 
180-181, 182, 185 

and aminoglycoside clearance, 
182-183 

and theophylline clearance, 223, 
227 

and volume of distribution, 116 
ofaminoglycosides, 182-185,251 
of theophylline, 223 

of vancomycin, 205 

ideal, 116, 251 
and aminoglycoside extended

interval dosing, 197-198 

and aminoglycoside volume of 
distribution, 182, 183, 185, 
251 

and creatinine clearance, 141-142, 
180t, 181, 182, 185 

estimation of, 141-142, 182,251 

in obesity 
creatinine clearance in, 141, 182 
pharmacokinetic variations in, 

162-163 

percentage of fluid portion, 22 

Breast milk or tissue, drugs in, 117 

Broccoli-drug interactions, 131t 

Bupropion affecting metabolism of other 
drugs, 131t 

Burns, volume of drug distribution in, 68 

c 
Caffeine metabolism, 131t 

Calculators with natural log and exponential 
keys, 14 

Calibration of assay instruments, 165 

Captopril metabolism, 132t 

Carbamazepine 
active metabolite of, 128 

affecting metabolism of other drugs, 
131t 

measurement of plasma concentrations, 
164 

metabolism of, 131t, 132t 

nonlinear pharmacokinetics of, 150t 

therapeutic range for, 6t 

Cefazolin 
half-life of, 37, 37t 

steady-state concentration of, 54t 

Central compartment, 7, 7f, 8, Sf, 81-82, 83f, 
84, 86,87 
amount of drug in, 9, 83f, 84 

volume of drug distribution in, 86 

Centrifugation, 163, 163f 

Cephalosporins, first-order elimination of, 26 

Child-Pugh score, 130-131 

Children 
chloramphenicol toxicity in, 131 

pharmacokinetic variations in, 159 

Chloramphenicol 
affecting metabolism of other drugs, 

131t 

metabolism of, 132t 

protein binding of, 118t 

toxicity in neonates, 131 

Chlorpromazine metabolism, 132t 

Chronic obstructive pulmonary disease, 
theophylline in, 221-228 
clearance of, 222t 

Cimetidine 
affecting metabolism of other drugs, 

131, 131t 
theophylline, 131t, 136f, 163, 222t 

metabolism of, 132t 

Cinacalcet affecting metabolism of other 
drugs, 131t 

Ciprofloxacin affecting metabolism of other 
drugs, 131t, 136, 222t 

Clarithromycin affecting metabolism of other 
drugs, 131t 

Clearance of drugs, 23-24, 23f-25f 
and AUC calculation, 38, 39, 139, 166, 

167, 167f, 168 

and plasma concentration, 22f, 22-23, 
67-68, 68f 

biliary, 23, 129, 133 

blood flow affecting, 22f, 22-23, 24t 
extraction ratio in, 132 

definition of, 267 

Index 

disease states affecting, 135-138, 160 

elimination processes in. See Elimination 
processes 

extraction ratio in, 24, 24t, 134t, 132 

formation 
as model-independent paramete1; 

166-169, 169f 
definition of, 268 

hepatic, 23, 67, 135-136 
disease states and drug interac-

tions affecting, 136-138 

in continuous infusions, 68, 69, 70 

intrinsic, 133-134, 134t 

model dependent, 24 

model independent, 24, 38 
formation clearance in, 166-169, 

169f 
total body clearance in, 166, 

167-168, 169 

of commonly used drugs, 25, 25t 

of digoxin, 242, 243, 244-246, 258 

of phenytoin, 134t, 232f, 235,236-237, 
239f 

of theophylline. See Theophylline, 
clearance of 

organ, 23f, 23-24, 133, 249 

relation to other pharmacokinetic 
parameters 
dosage in, 38 
volume of distribution and elimina

tion rate constant in, 38, 103, 
250 

renal, 23, 67, 128, 139-140. See also 
Kidneys, in drug clearance 

steady-state, 68 

total body (Cl,), 23, 133, 135, 249 
and AUC calculation, 167, 167f, 

168, 169 
and AUMC calculation, 167f, 

168-169 
model-independent relationships, 

166, 167-168, 169 
relation to volume of distribution 

and elimination rate constant, 
38, 103, 250 

with controlled-release formulation, 
101, 107 

Clinical pharmacokinetics, 1, 2, 267 

Clonazepam metabolism, 132t 

Clopidogrel affecting metabolism of other 
drugs, 131t 

Cocaine metabolism, 131t 

Cockcroft-Gault equation, 141, 179-183, 185, 
199,251 
compared to MDRD equation, 179-181, 

180t, 181f 

for aminoglycosides, 182-183 

for digoxin, 243 

Codeine metabolism, 131t 

Compartmental models, 7-8, 7f-8f 
and model-independent relationships, 

166, 167 
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274 
Concepts in Clinical Pharmacokinetics 

definition of, 267 

one compartment. See One-compart
ment models 

two compartment. See Two-compart
ment models 

Concentration of drugs, 1-4 

absorption rate affecting, 100, 101f, 
104-105, 108 

after intravenous loading dose, 
21, 22f 

and clearance, 21-23, 22f, 67-68, 68f 

and drug effects, 1, 2, 4, 6 

prediction of, 4, 4f 

and elimination rate constant, 33, 34, 
35,65-66 

and half-life, 35-36 

and metabolites 128, 129f 

and percent remaining after time ( e·K•), 
35,58 

and protein binding, 118, 118t, 119 

and time profile after drug dose, 2, 2f 

at time zero (t0), 21, 22f, 33 

and tissue concentrations, 1, 2, 2f, 22, 
115-116, 116f 

and volume of distribution, 10-11, 11f, 
67f, 67, 68, 131 

assay methods in measurement of, 
163-165 

at any time, 33, 35, 51, 57, 74,249 

for aminoglycosides, 187-193, 
195-200, 205, 206, 252, 253 

for vancomycin, 205, 254 

at first dose in multiple dosing, 50, 50f, 
73 

at receptor sites, 1, 2, 2f, 3, 3f 

at second dose in multiple dosing, 51, 
51f 

at steady-state 53-56. See also Steady-
state concentration of drugs 

compartmental models and, 7, 7f, 8 

definition of, 10 

dosing interval affecting, 66, 66f 

elimination processes affecting, 128, 
128f 
first-order, 12, 25f, 25t, 25-27, 82, 

86f 

in saturable elimination, 151, 151f 

zero-orde1; 25f, 25t, 25-26, 26f, 26t 

50% effective concentration (EC50), 3, 
3f, 267 

first concentration after injection (C0), 

21, 22f 

and elimination rate constant, 33, 
34,35 

and half-life, 35-36 

and volume of distribution, 118 

in AUC calculation, 39 

in one-compartment model, 51 

fluids sampled for measurement of, 1, 2f 

in Michaelis-Menten kinetics, 151-154 

in one-compartment models, 7, 8, 8f, 11, 
11f, 12, 12f 

with first-order elimination, 25f, 
25t, 25-27, 27f, 82, 87f 

interpatient variability in, 5, 6f 

in therapeutic range, 4, 4f, 6, 6t, 55-56, 
56f, 71, 268 

in two-compartment models, 81-82, 82f, 
85, 87, 87f 

maximum. See Peak concentration of 
drugs 

minimum. See Trough concentrations 
of drugs 

monitoring of, 4-6. See also Monitoring 
of drug levels 

natural log of. See Natural log of drug 
concentrations 

prediction of. See Prediction of drug 
concentration 

ratio to urine excretion rate, 139 

residual, 85-86, 85f-86f, 104-105, 105f 

second concentration after injection, 32 

versus time curve, 2, 2f, 11-13, 11f-13f 

and bioavailability, 102 

calculation of area under, 38-39. 
See also AUC 

for controlled-release products, 
106, 106f 

for vancomycin, 203, 204f, 205, 
205f, 208 

in continuous infusion, 68, 69f 

in intravenous bolus dose model, 
51, 51f 

in one-compartment model, 11, 11f 

in oral administration 102, 102f, 
104-105, 106f 

in short half-life, 53, 53 f-
in two-compartment models, 81, 

82, 82f, 84, 84f, 87 

prediction of, 11, 11f 

with controlled-release formulations, 
106f, 106-108, 107f 

Conjugation reactions in drug metabolism, 
129, 130 

Continuous IV infusions, 68-72 

clearance in, 68, 68f, 69, 70 

discontinuation affecting plasma drug 
concentrations, 71, 71f 

discussion points on, 80 

infusion rate in, 69, 70, 71, 71f 

loading dose in, 71f, 71-72, 72f 

of theophylline, 72-73,221,224, 224f 

loading dose in, 72, 72f 

prediction of plasma concentration in, 
69-71, 72f 

review questions and answers on, 76-79 

steady-state concentration in, 69, 70, 70f 

with loading dose, 71, 72f 

Contraceptives, oral, and theophylline 
interactions, 222t 

Controlled-release drug products, 106f, 
106-108, 107f 

examples of, 106, 106t 

of theophylline, 106, 106t, 107 

clearance estimation, 107 

Cor pulmonale, theophylline clearance in, 
222t 

Corticosteroids 

affecting metabolism of other drugs, 
131t 

metabolism of, 132t 

Creatinine clearance, 140-142,160,161,179, 
182-183, 251 

and aminoglycoside clearance, 140, 141f, 
179, 180t, 182-183, 183f, 185, 
197t, 199 

and aminoglycoside extended-interval 
dosing, 196, 197, 197t, 199 

and digoxin clearance, 243, 245 

calculation of, 140-142 

direct measurement in, 141 

estimated, 141-142, 180t, 181 

Cross-reactivity in drug assays, 164-165 

Curvilinear plot slope. See Slope of curvilinear 
plot 

Cyclophosphamide metabolism, 131t 

Cyclosporine 

metabolism of, 131t, 132t 

protein binding of, 119t 

therapeutic range for, 6t 

CYP1, CYP2, and CYP3 isoenzymes in drug 
metabolism, 130, 131t 

disease states affecting, 136-138 

drug interactions affecting, 131t, 136 

genetic factors affecting, 130, 161 

Cytochrome P450 enzymes in drug meta
bolism, 130, 131t 

D 

disease states affecting, 136-137 

drug interactions affecting, 131t, 136 

genetic factors affecting, 130, 161 

Dapsone metabolism, 132t 

Dealkylation in drug metabolism, 132t 

Deamination in drug metabolism, 132t 

Decongestants, controlled-release formula-
tions of, 106t 

Desipramine, intrinsic clearance of, 134t 

Deterministic compartmental models, 7 

Dexamethasone affecting metabolism of other 
drugs, 131t 

Dextromethorphan metabolism, 131t 

Diazepam 

intrinsic clearance of, 134t 

metabolism of, 131t, 132t 

Diclofenac metabolism, 131t 

Digoxin, 242-248 

absorption and bioavailability of, 102, 
242,244 

case studies on, 243-24 7 

clearance of, 242, 243, 244-246, 258 
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discussion points on, 248 

dosing equations, 258 

dosing interval for, 243 

elimination rate constant for, 245, 246 

half-life of, 37t 

interaction with quinidine, 121 

loading dose for, 242, 243 

maintenance dose for, 242, 243-247 

adjustment in renal disorders, 242, 
244,245 

protein binding of, 118t, 121 

in renal failure, 122, 244, 245 

steady-state concentration of, 53, 54t, 
243-246 

therapeutic range f01; 6t, 244 

tissue concentration of, 22 

in cardiac muscle, 121 

unbound fraction, 121 

two-compartment pharmacokinetics of, 
9, 9f, 84, 84f 

volume of distribution, 242, 247, 258 

in renal failure, 122 

quinidine affecting, 121 

Diltiazem 
affecting theophylline clearance, 222t 

volume of distribution for, 11 

Disease states 

absorption rate of drugs in, 108 

distribution of drugs in, 116,121-122, 
160-161 

dosage adjustment in, 160-161 

hepatic metabolism of drugs in, 128, 
129-132, 160-161 

protein binding of drugs in, 119-120, 
134-138 

renal metabolism of drugs in, 160-161 

steady-state concentration of drugs in, 
136f, 136-138, 138f, 141 

theophylline clearance in, 221, 222t 

Distribution of drugs, 115-126 

definition of, 267 

discussion points on, 126 

disease states affecting, 116,121-122, 
160-161 

in obesity, 162-163 

in one-compartment model, 7, 8, 8f, 9f 

in two-compartment model, 7, 8, 9, 9f, 
82, 83f, 84-86 

lipid solubility affecting, 116 

model-independent relationships in, 
166-167 

perfusion-limited, 116 

permeability-limited, 116 

physiologic model of, 117-118 

processesin,99, lOOf 

protein-binding affecting, 67, 118-121 

regional pH levels affecting, 117 

review questions and answers on, 
123-125 

tissue characteristics affecting 115-116, 
121 

volume of, 10-11. See also Volume of 
distribution 

Disulfiram affecting metabolism of other 
drugs, 131t 

Dosage 
adjustment in disease states, 67, 74, 

160-161 

in kidney disease, 67, 74, 160-161, 
179-181 

in liver dysfunction, 161 

and absorption rate, 105 

and amount of drug in body, 10, 23 

in one-compartment model, 8f 

in two-compartment model, 9 

and AUC determination, 38, 39, 149, 
150f 

and clearance, 24, 38 

and volume of distribution, 10, lOt, 116 

calculation with Michaelis-Menten 
equation, 153-154 

changes affecting plasma drug 
concentrations, 66, 66f 

therapeutic drug monitoring for 
decisions on, 6, 6f 

Dose-dependent pharmacokinetics, 149, 150f 

of enzyme-saturable drugs, 150-151, 
151f 

Dose-response curve, 3, 4f 

Dosing interval (T ), 49, 50, 250 

and AUC for one interva l, 57, 57f 

and half-life, 51, 54f 

and steady state, 53-54, 55, 55f, 57f, 
57-58 

changes affecting plasma drug concen
trations, 66, 66f 

for aminoglycosides, 183-195, 198, 
200-201, 252, 253 

and calculation of time to hold a 
dose, 196, 196f, 253 

extended-interva l, 182, 196-200, 
197t, 253 

for digoxin, 243 

for phenytoin, 232 

for theophylline, 224, 228 

for vancomycin, 254, 255 

and time to hold a dose, 215-216 

calculation of, 204, 205, 254, 255 

in case studies, 204, 205-207, 209, 
211-218 

in intermittent infusions, 73f, 73 -74 

in intravenous bolus administration, 
52-53 

Drug distribution, 267. See also Distribution 
of drugs 

Drug effect, 1, 2-3, 3f, 4f 

and absorption rate in chronic illnesses, 
108 

and duration of drug presence at site of 
action, 6 

E 

in therapeutic range, 4, 4f 

maximum, 3, 3f 

prediction of, 4, 4f 

Index 

protein-binding affecting, 118f, 118-119 

tolerance to, 4, 4f, 269 

Edema, pulmonary, theophylline clearance 
in, 222t 

Effective concentration. See 50% effective 
concentration 

Elderly 
creatinine clearance rate in, 183 

glomerular filtration rate in, 180, 181 

pharmacokinetic variations in, 159, 160 

theophylline clearance in, 222t 

Elimination processes, 127-147 

and absorption, 102f, 102-106 

and bioavailability of drugs, 102 

and slope of stra ight-line plots, 32f, 
32-33, 34 

and volume of distribution, 11, llf, 37 

biexponential, 82, 86-87, 87f 

of vancomycin, 203 

biotransformation in, 128, 129, 130, 
131-132 

discussion points on, 147 

excretion in, 138-140 

extraction ratio in, 24, 24t, 132-134 

first-ordet; 12,25-27. See also First-
order elimination 

genetic factors affecting, 162 

half-life in, 35-36 

in compartmental models, 8, 24, 25-27 

two-compartment, 9, 82, 83f, 
84-87, 86f-87f 

in steady-state, 53, 54-55, 58 

kidney function in, 23, 127, 128, 
138-140 

liver function in, 23, 127-135 

maximum elimination rate in, 151-152 

metabolism in, 127-134 

Michaelis-Menten kinetics in, 151-154 

nonlineat; 150t, 150-154 

review questions and answers on, 
143-146 

saturable, 150t, 150-153, 151f 

total body elimination in, 138 

zero-orde t; 25, 25f, 26, 26f, 26t, 27f, 151 

and plasma drug concentration, 
26, 26f 

compared to first-order 
elimination, 25f 

definition of, 269 

Elimination rate 
definition of, 8 

discussion of, 44 
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review questions and answers, 40-43 

Elimination rate constant (K), 9, 33, 34-36, 50, 
82, 84,87 

and absorption rate constant, 104 

and creatinine clearance rate, 140-141, 
141f, 161 

for aminoglycosides, 199, 183, 184, 
185, 251 

and half-life, 35, 35f, 36, 102, 160, 161, 
188, 192 

and percent remaining after time (e-K'), 
34,58 

and total body clearance, 166, 167 

changes affecting plasma drug concen
trations, 65-66, 60f, 102, 102f 

definition of, 267 

for aminoglycosides, 140, 141f, 181-183, 
185-18~18~192-19~200 

calculation of, 181, 182-186, 200, 
253 

and creatinine clearance rate, 183, 
184,185,251 

for digoxin, 245, 246 

for metabolites, 128, 128f 

for theophylline, 226 

for vancomycin, 204, 206-208, 208f, 
209-210,212-214,217,218 

calculation of, 208, 208f, 209, 210, 
212-215,217-218,254,255 

in one-compartment model, Sf, 102, 249 

in steady state, 56 

relation to clearance and volume of 
distribution, 35, 103, 250 

Enalapril metabolism, 132t 

Enoxaparin, 37t, 54t 

Enteric-coated products, 106 

Enzymes 
drug-metabolizing, 130-131, 131t 

inducers affecting formation clearance of 
metabolites, 169-170, 170t 

kinetics of, 150, 151, 151f 

saturable, 150, 151, 256 

Equations, 249-258 

1-1: concentration related to dose and volume 
of distribution, 10, 11, 21, 71,132,249, 
256 
for aminophylline, 223 

for phenytoin, 233, 235, 256 

for theophylline, 223 

2-1: total body clearance, 23, 133, 249 

2-2: organ clearance, 24, 133, 249 

3-1: elimination rate constant, 34, 85,103, 
249,252,254 

for aminoglycosides, 192, 252 

for vancomycin, 208, 210, 214, 216, 254 

3-2: concentration at any given time, 34, 39, 
50,51,55, 71,85,86,250,252,253 

for aminoglycosides, 187-188, 192, 195, 
206, 252 

for theophylline, 226 

for vancomycin, 206, 215, 216, 254 

3-3: half-life calculation, 36, 39, 103, 250 

for aminoglycosides, 185, 190, 192 

for vancomycin, 208, 210 

3-4: clearance related to volume of distribu
tion and elimination rate constant, 37, 
39, 104, 250 

for theophylline, 226 

3-5: area under the plasma concentration 
versus time curve, 38, 108, 167, 250 

4-1: accumulation factor not at steady state, 
52, 250 

4-2: accumulation factor at steady state, 56, 
250 

for aminoglycosides, 190 

4-3: average concentrations from AUC and 
dosing interval, 57, 59, 107, 108, 250 

for digoxin, 243 

for theophylline, 224, 227 

5-1: maintenance dose, 74, 161, 252,253 
for aminoglycosides, 185-187, 192, 193, 

194,253,254 

for gentamicin, 253 

for tobramycin, 253 

for vancomycin, 205, 254 

5-2: trough concentration for intermittent 
infusions, 7 4 

9-1: Cockcroft-Gault for creatinine clearance, 
141,251 

for aminoglycosides, 182 

for digoxin, 243 

9-2: ideal body weight estimation, 141, 182, 
251 

9-3: adjusted body weight, 141, 182, 251 

10-1: Michaelis-Menten, 152,251,256, 257 

for phenytoin, 231, 233, 234, 235, 237, 
239,240,251,256,257 

10-2: Michaelis constant, 152, 251, 257 
for phenytoin, 239, 257 

10-3: Michaelis-Menten rearrangement in 
nonlinear model, 153, 251 

10-4: time required for 90% of steady-state 
concentration to be reached, 154, 256 

for phenytoin, 236, 256 

12-1: elimination rate constant based on 
creatinine clearance, 183, 185, 251 

for aminoglycosides, 183, 185, 251 

12-2: volume of distribution based on ideal 
body weight, 183, 185, 251 
for aminoglycosides, 183, 185, 251 

12-3: volume of distribution based on 
adjusted body weight, 183, 185, 251 
for aminoglycosides, 183, 185, 251 

12-4: dosing interval 252, 253, 254 

for aminoglycosides, 186, 194, 252 

for vancomycin, 205, 254 

12-5: loading dose based on maintenance 
dose and accumulation factor, 252 
for aminoglycosides, 189-190, 252 

13-1: volume of distribution for vancomycin, 
204, 206, 212, 254 

13-2: elimination rate constant for vanco
mycin, 204, 205, 206, 212, 254 

13-3: maintenance dose for vancomycin, 205, 
207-208, 211-216, 218, 254, 255 

13-4: dosing interval for vancomycin, 205, 
209,211,213-214,254,255 

13-5: trough concentration for vancomycin, 
206,211,213,215,217,254,255 

14-1: volume of distribution for theophylline 
or aminophylline, 223, 225, 255 

14-2: loading dose for theophylline or 
aminophylline, 223, 225, 227, 255 

14-3: clearance of theophylline or 
aminophylline, 223, 225, 227, 228, 255 

14-4: maintenance dose for theophylline or 
aminophylline, 224, 225, 226, 227, 228, 
255 

15-1: steady-state concentration for 
phenytoin, 233 

15-2: steady-state volume of distribution for 
digoxin, 242, 247, 258 

15-3: systemic clearance of digoxin, 243, 246, 
258 

15-4: steady-state concentration and systemic 
clearance of digoxin, 243, 244, 246, 258 

Erythromycin 
affecting metabolism of other drugs, 

13lt, 222t 

intrinsic clearance of, 134t 

Ethosuximide, 6t 

Excretion of drugs, 99, 100f, 127-131,133, 
138-140 
rate calculation, 139 

Exponential key of calculator, 14 

Extended-interval aminoglycoside dosing, 
197t, 197-199,253 

Extracellular fluid, 22, 22f, 160f, 162 

Extraction ratio (E), 132-134, 134t, 135-137 

affecting clearance, 24, 24t 

F 

and first-pass effect, 134-135 

definition of, 268 

Fat tissue 
age-related changes in, 160, 160f 

and pharmacokinetic variations in 
obesity, 162-163 

drug concentration in, 2, 116, 160 

of aminoglycosides, 182 

50% effective concentration (EC50), 3, 4f, 267 

First-order elimination, 25t, 25-27, 25f-27f 

and mixed-order pharmacokinetic, 150 

and plasma drug concentration, 12, 25t, 
25-27, 26f-27, 82, 86f 

in AUC calculation, 38 

straight-line slope of, 33, 34 

definition of, 268 
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Concepts in Clinical Pharmacakinetics

leview questions and answers. 411-43

Elimination rate constant [it]. 9. 33. 34—36. 50.
82. 84. 8?

and absorption rate constant. 11.14
and creatinine clearance rate. 140-141.

141 f. l 51
for aminoglycosides. 199. 183. 184.

185. 251

and half-life. 35. 351. 36. 102. 160. 161.
138. 192

and percent remaining after time [on].
34. 58

and total body clearance, 165. 16?
changes atTecting plasma drug concen—

nations. 65-156. 501. 102. 102f
definition of. 267

foraminoglycosides. 14D. 141E 181-183.
185-132. 189. 192-194. 201]
calculation of. 181. 182—185. 200.

253
and creatinine clearance rate. 183.

184. 185. 251

for digoxin. 245. 246
for metabolites. 128. 1281

for theophylline. 226

for Vancomycln. 204. 286-208. 2081.
209-210. 212-214. 21?. 218
calculation 01.208. 2081. 209. 2 10.

212-215. 212-218. 254. 255

in one-compartment model. 81. 102. 249
in steady state. 56
relation to clearance and Volume of

distribution. 35. 103. 2511

Enalapril metabolism 132t
Enoxaparln. 32!. 54t
Enterlc-coated products. 106
Enzymes

drug-metabolizing. 130—131. 131':
inducers affecting formation clearance of

metabolites. 169—170.1?Dt
kinetics of. 150.151.1511‘
saturahle. 1511. 151. 256

Equations. 249-258
1- 1: concentration related to dose and volume

oftllstribution.111.11.21.21.132.249.
256

foramlnophylline. 223
for phenytoin. 233. 235. 256
for theophylline, 223

2-1: total body clearance. 23. 133. 249

2—2: organ clearance. 24. 133. 249
3—1: elimination rate constant. 34. 85. 103.

249. 252. 254

foraminoglycosides.192.252
for vancomycin. 208, 210. 214. 216. 254

3-2.- coocentmtion at any given time. 34. 39.
50. 51. 55. 21. 85. Be. 250. 252. 253

for aniilioglycosides. 182-188. 192. 195.
206. 252

for theophylline. 226

for voocomycin. 2115. 215. 2 16. 254
3-3: half-life calculation. 35. 39.11.13.250

for aminoglycosides. 1 85. 190. 192
for vancomycin. 208,210

3-4: clearance related to volume ofdisttibu-
tion and elimination rate constant. 3?.
39. 104. 250

for theophylllne. 226
3-5: area under the plasma concentration

versus time curve. 38. 108. 152. 251]

4- 1: accumulation factor not at steady state.
52. 250

4-2: accumulation factor at steady state. 56.
250

for aminoglycosides, 190

4—3: average concentrations from AUC and
dosing interval. 57. 59. 1117. 108. 2511
for digoxtn. 243

for theophylline. 224. 22?
5—1: maintenance dose. 74.151.252.253

I'or aminoglycosides. 185—182. 1.92. 193.
194. 253. 254

for gentamicln. 253
for tobramycin. 253
for vancomycin. 285. 254

5-2: trough concentration for intermittent
infusions. 24

9‘1: Cockcroft—Gault for creatinine clearance.
14]. 25 1

for aminoglycosides. 182
for digoxin. 243

9-2: ideal body weight estimation. 141. 182.
251

9-3: adlusted body weight. 14-1. 182. 251
10—1: Michaelis-Menten. 152. 251. 256. 25?

for phenytoin. 231. 233. 234. 235. 237.
23‘}. 24-8. 251. 256. 25'?

10-2: Michaelis constant. 152. 251. 25?

for phenytoin. 239. 25'?

1 0-3: Micha elis-Menten rearrangement in
nonlinear model, 153. 25 1

1.114: time required for 90% ofsteody-state
concentration to be reached. 154. 256
for phenytoin. 236. 256

12-1: elimination rate constant based on
creatinine clearance,183. 185.251

for aminoglycosides. 183. 185. 251
12—2: volume ofdistribution based on ideal

body weight. 183. 185. 25 1
for amiooglycosicles, 183. 185. 251

12-3: volume of distribution based on

adjusted body weight. 183. 185. 251
foraminoglycosldes. 183. 185. 251

12-4: dosing interval 252. 253. 254
for aminoglycoslcles. 186. 194. 252
for vanco mycin. 205. 254

12-5: loading dose based on maintenance
dose and accumulation factor. 252
foraminoglycosidee 189-190. 252

13-1: volume of distribution for vancomycin.
284. 206. 212. 254

13-2: elimination rate constant for varico-
mycin. 204. 20 5, 206. 212. 254

13-3: maintenance dose for vancomycin. 205.
207-208. 211-216. 218. 254. 255

13-4: dosing interval for vancomycin. 2115.
209. 211, 213-214, 254. 255

13-5: Rough concentration for vancomycin.
206. 211. 213. 215. 217. 254. 255

14- 1: volume ofdistribution for theophylline
or aminophylline. 223. 225. 255

14-21 loading close for theophylline or
aminophylline. 223. 225. 22?. 255

14-3.- clearance of theophylline or
aminophylline. 223. 225. 222. 228. 255

14-4: maintenance dose for theophylline or
aminophylline. 224. 225, 226. 22?. 228.
255

15-1: steady-state concentration for
phenytoln. 233

15—2: steady—state volume ofdistrihution for
digoxin. 242. 247. 258

15-3: systemicclearance oldlgoxin. 243. 246.
258

1 5-4: steady-state concentration and systemic
clearance of digoxin. 243. 244. 246. 258

Erythrornycln
alTecting metabolism of other drugs.

13 1t. 222t
intrinsic clearance of. 134t

Ethosuximide. fit

Excretion ofdrugs. 99, 1011f.12?-131.133.
138-140

rate calculation. 139

Exponential key of calculator. 14
Extended-interval aminoglycoside dosing.

1921. 192—199. 253

Extracellular fluid. 22. 221I 1613f. 162

Extraction ratio {E}. 132-134. 134t. 135-132
affecting clearance. 24. 24t
and first—pass effect, 134-135
definition of. 258

 

F

Fat tissue

age-related changes in. 150. 1601
and oharmacokinetlc variations in

obesity. 162-153
drug concentration in. 2. 116. 161]

ofaminoglycosides.182

50% eiTectIve concentration (REED). 3. 4f. 25?
First—order elimination. 25t. 25-27. 25527!

and mixed-order pharmacokinetlc.150

and plasma drug concentration. 12. 251.
2 5-22. 261-23. 82. 861
in AUC calculation. 38
straight-line slope of. 33. 34

definition of. 268

A
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in intravenous bolus administration, 
50-55 

in oral administration, 105, lOSf 

nonlinear processes compared to, 231, 
232f, 233 

zero-order elimination compared to, 
25f-26f 

First-pass effect, 134-135, 268 

Fluconazole affecting metabolism of other 
drugs, 131t 

Fluids of body, 22, 22f 
age-related changes in, 160, 160f 

and volume of drug distribution, 10, 
67,68 
in traumatic or burn injuries, 68 

extracellular, 22, 22f, 160f, 162 

interstitial, 22, 22f 

intracellular, 22, 22f, 160f 

measurement of drug concentration in, 
1,2f 

percentage of body weight, 22 

Fluoxetine affecting metabolism of other 
drugs, 131t 

Fluvoxamine affecting metabolism of other 
drugs, 131t 

Food-drug interactions, 130, 131t 

Formation clearance 
as model-independent parameter, 

166-167, 169f, 169-170, 170t 

definition of, 268 

Fosphenytoin, 153, 232, 233-234 

G 
Gabapentin, 104, lSOt 

Ganciclovil; lOt, 25t 

Gastrointestinal tract, absorption of drugs in 
99, 100, lOOf, 101 
absorption rate constant in, 104 

and first-pass effect, 134-135 

in controlled-release products, 106 

nonlinear, 150 

Genetic factors affecting drug metabolism, 
131-132, 161-162 

Gentamicin 
accumulation of, 52 

cross-reactivity in assays, 164 

desired plasma concentration of, 184 

dose adjustment in renal dysfunction, 
74, 160-161 

dosing regimens for, 182 

extended-interval dosing of, 197, 197t, 
198, 198f, 253 

half-life of, 37t, 52, 53 

peak and trough levels of, 160, 184 

prediction of plasma concentration of, 
13, 13f, 35, 74, 160-161 

protein binding of, lOSt 

steady-state concentration of, 53, 54, 
54t, 58 

volume of distribution, 11, 160-161 

Glomerular filtration rate, 138-140, 140f 
age-related changes in, 179-181, 180t, 

181f 

and drug clearance, 140-142, 141f 

creatinine clearance as measure of, 
140-142, 179-181, 180t 

factors affecting, 139 

in chronic renal disease, 179, 180t 

MDRD equation in estimation of, 
159-181 

Glucose, tubular reabsorption of, 139 

Glucuronidation in drug metabolism, 132t 

Glycoprotein 
alpha-1-acid glycoprotein binding to 

drugs, 118, 118t, 120 
in disease states, 120, 137 

variations in P-glycoprotein expression, 
162 

Grapefruit juice affecting drug metabolism, 
131t 

H 
Half-life (TY.?), 23, 31, 35f, 35-37, 250 

and dosing interval, 51, 52, 53 

and elimination rate constant, 37-38, 
102, 160-161, 188-189 

and peak concentration, 37 

and steady state concentration, 53, 54, 
54f, 54t, 55 

definition of, 35, 268 

discussion points, 44 

estimation of, 35f, 35-37, 102 

example of, 36t 

in two-compartment models, 82, 84, 87 

ofaminoglycosides, 185, 188,191,192, 
195 

of commonly used drugs, 37, 37t 

of theophylline, 224 

of vancomycin, 37, 37t, 87, 204, 206-210, 
216 

review questions and answers, 40-43 

Haloperidol metabolism, 131t 

Hartford nomogram, 197-198, 198f, 199,201 

Heart failure 
digoxin in, 242, 243-247 

theophylline clearance in, 222t 

Hemoglobin as assay interference, 165 

Heparin loading dose in continuous IV 
infusions, 72 

Hepatic drug metabolism. See Liver in drug 
metabolism 

Hepatocytes in drug metabolism and 
excretion, 129, 130f, 133 

Index 

Highly blood-perfused (central) 
compartment, 7, 7f 

Homogeneity, kinetic, 1, 2, 268 

Hydrolysis in drug metabolism, 132t 

Hydrophilic drugs 
elimination of, 127 

measurement of plasma concentrations, 
164 

Hydrophobic drugs, 118 

Hydroxylation in drug metabolism, 132t 

Hypoalbuminemia 
phenytoin concentration in, 119, 119t 

volume of drug distribution in, 118 

Ibuprofen metabolism, 132t 

Ideal body weight. See Body weight, ideal 

Ifosfamide metabolism, 131t 

Imipramine metabolism, 132t 

Inactivation process in drug assays, 165-166 

Indinavir affecting metabolism of other drugs, 
131t 

Infusions 
continuous, 68-71 

intermittent, 73-74 

short, 73, 73f 

Interactions of drugs, 130, 135-136 
in assay methods, 165, 166 

hepatic cytochrome P450 enzyme 
system in, 130, 131t 

of theophylline with other drugs, 222t 
cimetidine, 131t, 136f, 163, 222t 

protein binding in, 118-120 

renal clearance in, 67, 139-140 

volume of distribution in, 120-121 

Interferences in drug assays, 164-165 

Interferon affecting theophylline clearance, 
222t 

Intermittent infusions, 73-74 

Interstitial fluid, 22, 22f 

Intracellular fluid, 22, 22f, 160f 

Intramuscular administration of drugs, 
absorption and bioavailability in, 102, 

103, 104f 
and peak plasma concentration, 103, 

104f 

and volume of distribution, 102-103 

Intravenous administration 
bolus dosing in, 7, 8, 11, 12f 

multiple dosing and drug concentrations 
in. See Multiple IV dosing affecting 
drug concentrations 

peak plasma concentration in, 50, SOf, 
52, 53f, SSf, 56-58 

accumulation factor in, 52 
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and absorption rate, 103 

at steady state, 53, 53f, 55, 56, 58 

compared to intramuscular admin-
istration, 103 

in therapeutic range, 55-56, 56f 

prediction of, 53, 58 

Intrinsic clearance of drugs, 133-134, 134t 

Isoniazid 

affecting metabolism of other drugs, 
131t 

bimodal pattern of elimination, 162, 
162f 

intrinsic clearance of, 134t 

metabolism of, 132t 

Isoproterenol, intrinsic clearance of, 134t 

Itraconazole affecting metabolism of other 
drugs, 131t 

J 
jar model of hepatic clearance, 133 

K 

Kanamycin cross-reactivity in assays, 164 

Ketoconazole affecting metabolism of other 
drugs, 131t 

Ketorolac, lOt, 25t 

Kidneys 
chronic disease of, 179-181 

stages in, 179-180, 180t 

fai lure of 

dose adjustment in, 67, 160-161 

protein-binding of drugs in, 
121-122, 138-139,231 

volume of drug distribution in, 
121-122, 161 

function assessment, 179-181 

in drug clearance, 23, 67, 127, 128, 
138-140, 

age-related changes in, 159 

calculation of, 137-138 

drug interactions affecting, 67, 
137-138 

glomerular filtration in, 138-140, 
140f 

mechanisms in, 138 

nonlinear processes in, 150t 

nephrotoxicity of vancomycin, 217 

tubular reabsorption in, 138, 139, 179 

tubular secretion, 138, 139, 140, 179 

Kinetic homogeneity, 1, 2, 268 

L 

Lansoprazole, lOt, 25t 

Leflunomide affecting metabolism of other 
drugs, 131t 

Levodopa metabolism, 132t 

Levofloxacin, 37t, 54t 

Lidocaine 

clearance of, 134, 134t 

loading dose in continuous IV infusions, 
72 

measurement of plasma concentrations, 
164 

metabolism of, 131t 

protein binding of, 118t, 119t 

in myocardial infarction, 137-138, 
138f 

steady-state plasma concentration in 
myocardial infarction, 137-138, 
138f 

therapeutic range for, 6t 

Linear pharmacokinetics, 149 

Linear regression techniques, 13, 13f 

Lipid solubility of drugs affecting distribution, 
116 

Lipophilic drugs 

crossing membrane barriers, 116 

pharmacokinetics in obesity, 162 

properties of, 127 

Lipoproteins binding to drugs, 119, 119t 

Lithium 

half-life of, 37t 

steady-state concentration of, 54t 

therapeutic range for, 6t 

Liver in drug metabolism, 23, 67, 127-138 

age-related changes in, 159 

anatomy and physiology in, 129f, 
129-131, 130f 

and bioavailability, 101 

and clearance, 23, 67, 132-134 

biotransformation in, 131-132 

blood flow affecting, 23, 129-130, 130f, 
133-134, 137-138 

disease states and drug interactions 
affecting, 135-138, 160, 161 

extraction ratio in, 135-136 

first-pass effect in, 134-135 

genetic factors affecting, 131-132 

of propranolol, 24 

of theophylline, 221, 222t 

Loading dose, 71f, 71-72 

and volume of distribution, 71, 117 

as short infusion, 73, 73f 

for aminoglycosides, 184, 187, 188, 188f, 
189-190,252 

for aminophylline or theophylline, 
222-223, 223f, 225, 227, 255 

for digoxin, 242-243 

for phenytoin, 233-234, 236, 256 

for vancomycin, 106, 207, 207f, 210, 
210f,211 

Logarithms 

and semi log graph papet; 12f, 12-13, 13f, 
21,34 

common, 14 

natural, 13-14, 19 See also Natural log of 
drug concentrations 

Loratadine metabolism, 131t 

Lorazepam metabolism, 132t 

Lovastatin, 54, 131t 

M 

Maintenance dose, 68, 167 

for aminoglycosides, 183, 198, 252, 253 

in case studies, 184-185, 187, 
188-190, 193-195, 200 

for aminophylline or theophylline, 
224-228, 255 

for digoxin, 242,244-247 

adjustment in renal disorders, 244, 
245 

for phenytoin, 233, 234-236, 237, 240, 
241 

for vancomycin, 208-209,211-215,217, 
254, 255 

initial, 204 

total body clearance in calculation of, 
167 

Marijuana affecting theophylline clearance, 
222t 

MDRD (Modified Diet in Renal Disease) 
equation, 179-181, 180t, 181f 

Mean residence time, 166, 168-169,268 

Meperidine, intrinsic clearance of, 134t 

Mephenytoin metabolism, 131t 

Metabolism of drugs, 127-142 

biotransformation processes in, 128, 
129, 130, 131-132 

cytochrome P450 enzyme system in, 
130, 131t, 136 

genetic factors affecting, 131-132, 
161-162 

liver function in. See Liver in drug 
metabolism 

of phenytoin, 131t, 132t, 233, 235, 236 

of theophylline, 131t, 221 

cimetidine affecting, 131t, 136f, 
163, 222t 

phase!, 129-130, 132t 

phase II, 129, 130, 132t 

preparatory reactions in, 130 

Metabolites, 5, 128, 128f, 129f 

formation clearance of, 128 

as model-independent parametet; 
160, 160f, 169f, 169-170, 170t 

elimination rate constant in, 128, 
129f 

pharmacokinetics of, 128 
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Concepts in Clinical Pharmacokinetics—

and absorption rate. 1113
atsteady state. 53. 53f. 55. 56. 58
compared to intramuscular admin-

istra tion. 103

in therapeutic range. 55—56. 561’
prediction of. 53. 58

intrinsic clearance ofdrugs.133~134.134t
Isoniazid

affecting metabolism of outer drugs.
1 3 I l:

bimodal pattern of elimination. 1 62.
1 62f

intrinsic clearance of.134t
metabolism of.132t

lsoproterenoi. Intrinsic clearance of. 134:
lt'raconazole afl'ecljng metabolism of other

drugs. 131i

 

J

Iat‘ model of hepatic c]earance,133

 

K

Kanamycin Cl'OSS~reaCthlt}' in assays, 16x1
Ketoconazole affecting metabolism nfotber

drugs. 13 it
Ketorolao IDt. 25t

Kidneys
chronic disease {0,129,181

stagesin.179-130.1801
failure of

dose aditlstmentln,6?.150-161
proteln~binding oftlrugs in.

121—122. 133-139. 231

volume of drug distribution in.
121-122. 161

function assessmen t. 129-181

in drug clearance. 23, 67, 127, 120.
133-141].

age—related changesin. 159
calculation 912132-138
drug intelactions affecting. 6?.

132-138

glomerular filtration in. 138-140.
MDI'

mechanisms in, 130
nonlinear prncessesin,150t

nephrotmticiu.r of vancnmycin. 21?
tubular reabsorption in, 138, 139, 179
tubularsecretion.138.139.140.179

Kinetic homogeneity. 1. 2. 268

 

L

Lansopracnle. 101.210

Leflunornide affecting metabolism of other
drugs. 1 3 1 t

Levotlopa metabolism. 132t
Levofloxacin. 37c 54t
Lidocaine

clearance of,134. l34t

loading dose in continuous 1V infusions.
72

measurement of plasma concentrations.
16-i-

metabolism of. 131t

protein binding of. 118i. 'l19t
in myocardial in fa rct‘io n, 13?-138.

1381'

steady-state plasma concentration in
myocardial infarction. 132-133.1381'

therapeutic range for. fit

Linear pharmacoitinetics, 149

Linear regression techniques. 13. 131'
Lipid solubility ofdrugs affecting distribution.1 16

Lipop hilic drugs
crossing membrane barriers. 1 1 E
pharmacokinetics in obesity. 162
properties of,12'i'

Lipopl‘oteins binding to drugs, 119. 1 191
Lithium

half-life of. 3?t

steady—state concentration of. Si-t
therapeutic range for. or

Liver in drug metabolism. 23. 6?. 122-138
age—related changes in. 159
anatomy and physiology in. 129i.

129-131..130t

and bioavailability. 101
and clearance. 23. 6?, 132-134
biotransformationin,131—132

blood flow affecting. 211,129-130,130”;
133-134.13?-138

disease states and drug interactions
affecting. 135—138. 160. 161

extraction ratioin.135-13Ei

first—pass effect in. 134—135
genetic factors affecting 131-1 32
of propranolol. 24
of theophylline. 221. 222t

Loading close. 71f. 71422
and volume ofdistriiiution. 71.117

asshort infusion. 23. 23f
for aminoglycosides. 104, 18?. 188, 108i.

189190. 252

for aminophylline or theophy'liine,
222-223, 223i. 225, 22?. 255

for digoxin. 242-243

for phenytoin. 233—2343236156
for uanconiycin. 106. 20?. 20W. 2 10.

210f.2]1

logarithms
and semilog graph paper. 12fl12v13.13f.

21. 34
common. 14

natural. 13—14. 19 See also Natural log of
drug concentrations

Loratadine metabolism, 131t

Lol'azepam metabolism, 132i
Lovastatin. 5’}. 131t

 

M

Maintenance dose. 68. 161‘r
for aminoglycosides. 183. 198. 252. 253

in case studies. 184-185. 18?.
188-190, 193495.200

for aminophylline or theopliylline.
2 24-2 28. 2 5 5

for digoxin. 242. 24-4—24?
ad]ustment in renal disorders. 244,

245

for ohenytoitl. 233. 234236, 23?. 240.241

for italicornycln. 208-209. 211215. 21?.
254. 255
initial. 204

total body clearance in calculation of.
16?

Marijuana affecting theophylline clearanEE.222t

MDRI} (Modified Diet in Renal Disease]
equation. 179-181.130t,181f

Mean residence time. 166. 160-169. 260

Meperidine. intrinsic clearance of. 134t
Mephenytolu metabolism, 131i
Metabolism of drugs. 122—142

blotransformation processes in. 128.
129,130.131-132

cytochrome P450 enzyme system in.
130. 1311.. 136

genetic factors affecting 13 1-132.1614.62

liver function in. See Liver in drug
metabolism

ofphenytoin.131t.132t, 233. 235, 235i
oftheophylline. 131i, 221

cimetidine affecting, 131i, 136f.
1153. 222t

phase I. 129—130. 132t
phaseIl,129.130.1321

preparatory reactions in. 130
Metabolites. 5, 128. 1213f. 129i

formation clearance of. 128

as model-independent parameter.
160, 1501. 1691'. 169-1330. 1701

elimination rate constanlln,1211,
129f

pharmacokinetics of. 123
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Methotrexate, nonlinear pharmacokinetics 
of, 150t 

Methylation in drug metabolism, 132t 

Methyldopa metabolism, 132t 

Methylxanthines, 221-229 

aminophylline. See Aminophylline 

theophylline. See Theophylline 

Metoprolol metabolism, 131t 

Metronidazole affecting metabolism of other 
drugs, 131t 

Michaelis constant (K.,), 152-154,251 

calculation of, 152 

for phenytoin, 231, 232, 232f, 235, 237, 
241, 256 

Michaelis-Menten pharmacokinetics, 
152-154,221,251 

dose calculation in, 153-154 

drug concentration and elimination rate 
in, 152-154 

linear plot of, 152, 153f 

maximum elimination rate in, 152-153 

of phenytoin, 149, 150-153, 153f, 154, 
231, 232, 232f, 241, 256-257 

clearance in, 231, 232, 232f 

in case studies, 235, 237 

linear plot of, 153f 

plasma concentration in, 231, 232, 
232f 

steady-state concentration in, 152, 153f, 
153-154 

Microconstants, 82, 87 

Midazolam metabolism, 131t 

Minimum inhibitory concentration, 196, 268 

Model, definition of, 268 

Model-dependent pharmacokinetics, 24 

Model-independent pharmacokinetics, 
166-171, 268 

advantages and disadvantages of, 
166-167 

definition of, 268 

discussion points on, 174 

in clearance, 24, 38 

formation, 167, 169-170 

total body, 166, 167-168 

in mean residence time, 166, 168-169 

in volume of distribution at steady-state, 
167, 169 

review questions and answers on, 
171-173 

Modified Diet in Renal Disease (MDRD) 
equation, 179-181, 180t, 181f 

Monitoring of drug levels, 4-5 

dosage decisions in, 6, 7f 

elimination rate in, 28 

limitations of, 5 

of phenytoin, long-term, 240 

sample collection and handling f01; 
163-164 

value of, 5 

Monoexponential equation, 86 

Montelukast, lOt, 25t 

Morphine, 132t, 134t 

Multicompartment models, 7, 81 

Multiple IV dosing affecting drug 
concentrations, 65, 66f 

accumulation factor in, 52-53, 56-57 

bolus inj ections in, 8, 11, 12f 

discussion points on, 64 

first dose in, 50, 50f 

intermittent doses in, 73-75 

in one-compartment model with first
order elimination, 50, 55, 65, 66f 

peak and trough concentrations in, 
52-53 55, 57, 161 

at steady state, prediction of, 53, 58 

in intermittent infusions, 73, 74 

review questions and answers on, 60-63 

second dose in, 50, 50f 

accumulation factor in, 53 

concentration just before next 
dose, 51, 51f 

maximum concentration after, 51f, 
51-52 

steady-state concentrations in, 53-55 

average, 57f, 57-58 

superposition principle in, 50, 74 

third dose in, 51-52 

accumulation factor in, 52 

Multiplicative linear model, 180 

Myocardium 

N 

drug concentration in, 1, 2 

infarction of, protein binding of lidocaine 
in, 137-138, 138f 

Nafcillin affecting metabolism of other drugs, 
131t 

Natural log of drug concentrations 

and prediction of concentrations at 
times after dose, 3 3 

base of, 34 

calculator keys f01; 14 

time plot in, 12, 12f 

and half-life determination, 35, 35f 

and slope of straight-line plot, 32, 
32f, ,33, 34 

in two-compartment models, 
81-82, 82f, 84 

with first-order and zero-order 
elimination, 27, 27f 

Negative slope of back-extrapolated line, 85f, 
86 

Neonates 

chloramphenicol toxicity in, 131 

pharmacokinetic variations in, 159, 160 

Nephrotoxicity of vancomycin, 217 

Index 

Netilmicin cross-reactivity in assays, 164 

Nifedipine, 106t, 131t 

Nitroglycerin, 4, 134t 

Nonlinear pharmacokinetics, 149-158 

discussion points on, 158 

Michaelis-Menten, 151-154. See also 
Michaelis-Menten pharmacoki-
netics 

of theophylline, 150, 150t, 151, 221 

review questions and answers on, 
155-157 

Norfloxacin affecting theophylline clearance, 
222t 

Nutrient-drug interactions, 130, 131t 

0 
Obesity 

creatinine clearance in, 141, 182 

pharmacokinetic variations in, 162-163 

plasma concentration variability in, 5 

Omeprazole 

affecting metabolism of other drugs, 
131t 

metabolism of, 131t, 132t 

One-compartment models, 7, 7f, 8f, 10 

AUC calculation in, 38 

bioavailability in, 102-103 

compared to two-compartment models, 
8, 9f, 82f 

elimination processes in, 8f, 26f, 26-27, 
27f, 249 

intravenous bolus administration in, 
50-54, 65, 66f 

plasma drug concentration versus time 
curve in, 11, 11f, 12, 12f 

absorption and elimination rates 
affecting, 103, 103f 

with first-order elimination, 26, 
26f, 65, 82f, 86f 

with zero-order elimination, 25, 
26, 26t 

vancomycin in, 205, 205f, 207, 207f, 212 

Opiates, tolerance to, 3 

Oral admin istration of drugs 

absorption in, 99-108 

and bioavailability, 101, 102-103 

and fraction reaching systemic 
circulation, 101, 135 

and peak plasma concentration, 
103, 104f 

and volume of distribution, 
103-104 

of controlled- release formulations, 
106, 106f 

processes involved in, lOOf 

AUC calculation in, 39, 101 

first-pass effect in, 134-135 
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of theophylline, 21,228 

plasma drug concentration versus time 
curve in, 102, 102f, 103 

Oxcarbazepine affecting metabolism of other 
drugs, 131t 

Oxidation in drug metabolism, 131t 

p 

Parameters in pharmacokinetics 

in two-compartment models, 84-86 

model-independent, 166-170,268 

relationships of. 38-39, 65-80 

Paroxetine metabolism, 131t 

Peak concentration of drugs 

and half-life, 3 7 

dosing interval affecting, 68 

elimination rate constant affecting, 65 

in controlled-release products, 106, 106f 

in extended interval dosing, 184-185 

in intermittent infusions, 73 

in intramuscular administration, 102, 
102f 

in intravenous administration, 51-52, 
52f 

accumulation factor in, 52 

and absorption rate, 103 

at steady state, 53, 53f, 55, 56, 58 

compared to intramuscular admin-
istration, 103 

in therapeutic range, 55-56, 56f 

prediction of, 53, 58 

in oral administration, 104, 104f 

of aminoglycosides, 160-161. 184-185, 
188, 188f, 192, 197 

of vancomycin, 204f-205f, 205-207, 
207f-208f, 209-212, 214, 217, 
254-255 

at steady state, 204-205, 209, 
212-214 

desired, 205-207, 210, 213, 
215-217 

measured, 214, 216, 217 

volume of distribution affecting, 67 

Penicillin 

and aminoglycoside interactions, 
165-166 

nonlinear pharmacokinetics of, 150,152t 

urinary excretion of, 138, 139 

Pentazocine, intrinsic clearance of, 134t 

Perfusion-limited distribution, 116 

Peripheral compartment, 7, 7f, 8, 9, 9f, 81-82, 
83f. 84,85 
amount of drug in, 9, 83f, 857 

Permeability-limited distribution, 116 

pH 

of body areas affecting drug distribu
tion, 117 

urinary, affecting tubular reabsorption 
of drugs, 139 

Pharmacodynamics 

and tolerance to drug effect, 3 

basic concepts of, 2-4 

definition of, 2, 268 

introduction to, 1-19 

clinically important equations for, 
14 

discussion points on, 19 

review questions and answers on, 
15-18 

relationship to pharmacokinetics, 4, 7, 7f 

Pharmacogenomics, 161 

Pharmacokinetics 

and drug concentrations in plasma and 
tissues, 1-2, 2f 

basic concepts in, 20-30 

discussion points on, 30 

review questions and answers on, 
28-29 

clinical, 267 

compartmental models of, 7-9, 7f-9f 

definition of, 1, 268 

dose-dependent, 149-150, 150t, 150f-
151f 
of enzyme-saturable drugs, 

150-151, 151f 

introduction to, 1-19 

discussion points on, 19 

review questions and answers on, 
15-18 

kinetic homogeneity in, 1, 2, 268 

lineat; 149 

Michaelis-Menten, 151-154. See also 
Michaelis-Menten pharmacoki
netics 

mixed-order, 150 

model-independent, 166-170. See also 
Model independent pharmaco
kinetics 

nonlinear, 149-159 

relationship to pharmacodynamics, 7, 7f 

relationships among parameters in, 
38-39, 65-80. See also Rela
tionships of pharmacokinetic 
parameters 

and tolerance to drug effect, 3 

sources of variation in, 159-163 

time-dependent, 150t 

Phenobarbital 
affecting metabolism of other drugs, 

13lt, 131, 222t 

intrinsic clearance of. 134t 

measurement of plasma concentrations, 
164 

steady-state concentration of, 53 

therapeutic range for, 6t 

Phenothiazine metabolism, 131t 

Phenytoin, 231-241, 248 

adverse effects of, 240 

affecting metabolism of other drugs, 
131t, 131, 222t 

case studies on, 233-240 

clearance of, 231, 232f, 235-236, 237, 
238-239, 239f 

intrinsic, 134t 

daily dose of, 232, 256 

and steady-state plasma concentra
tion, 237-239, 239f 

increase in, 237 

discussion points on, 248 

dosing equations for, 256-257 

dosing interval for, 232 

extraction ratio for, 134 

loading dose of, 233-234, 256 

long-term monitoring of, 240 

maintenance dose of, 233-234 

adjustment of, 234-237, 241 

measurement of plasma concentrations, 
164, 231, 233-235, 236, 237-238, 
240 

metabolism of, 131t, 132t, 231, 256 

Michaelis-Menten pharmacokinetics of, 
151-154, 153f, 231,231-232, 232f, 
235-236, 256-257 

clearance in, 231-232, 232f 

in case studies, 235-236 

linear plot of, 153f 

plasma concentration in 231-232, 
232f 

nonlinear pharmacokinetics of, 150, 
150t, 231. 233 

protein binding of. 67, 118t, 119, 119t, 
231 
albumin serum levels affecting, 

119t 
in renal failure, 121, 136-137, 137f 

valproic acid affecting, 120-121 

steady-state plasma concentration of, 
231, 235-236, 237-239, 239f, 
240-241, 256-257 
and daily dose, 237, 238, 239, 239f 

in renal failure, 137, 137f 

supratherapeutic unbound concentra
tions of, 121 

therapeutic range for, 6t 

volume of distribution, 67, 117, 231, 
233,235,236,238,256 

and steady-state concentration, 
235, 238 

in renal failure, 121 

valproic acid affecting, 120-121 

zero-order elimination of, 26 

Piroxicam metabolism, 131t 

Plasma 
compared to whole blood and serum 22 

22f, 163 ' ' 

concentration of drugs in. See Concen-
tration of drugs 

creatinine concentration in, 179 

definition of, 268 

distribution in body, 22, 22f 

fraction of unbound drug in, 119, 120, 
133, 135 
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oftheopliylline. 21. 228

plasma drug concentration versus time
curvein.102.102f.103

Dxcarbazepine affecting metabolism of other
drugs. 13 It

flxidation in drug meiabolism.131t

 

P

Parameters In pharmacokinetics
in two-compartment models. 84-86
model-independent. 166—120. 268
relationships of. 38-39. 65-80

Paroxetine metabolism. 131t

Peak concentration of drugs
and half-life. 37

dosing interval affecting. 68
elimination rate constant affecting. 65

in controlled-release products. 106, 1061‘
in extended interval dosing. 184—185
in intermittent infusions. 23
in intramuscularadministration. 102.

102”

In intravenous administration. 51-52.
52i

accumulation factor in. 52
and absorption rate. 103
at steady state. 53. 53f. 55. 56. 58
compared to intramuscular admin-

istration. 103

in therapeutic range. 55—56. 56f
prediction of. 53. 58

in oral administration. 104. 1 04f

oiaminoglycosides. 160161.184—185.
188.188f.192,19?

of vancomycin. 20462056 205-202.
202f-208f. 209-2122141117.
254-255

at steady state. 204—2115. 209.
212-214

desired. ZOE-20?. 210. 213.
215-21?

measu red, 214. 2 16. 2 17

volume of distribution affecting. 6?
Penicillin

and aminoglycoside interactions.
155-166

nonlinear pharmacokinetics of. 150.1521
urinary excretion of. 130. 139

Pentazocine. intrinsic clearance of. 1 34t
Perfusion-limited distribution, 116

Peripheral compartment. 1'. 2f. 3. 9. 9f. 31‘32.
83f. 84.85

amount ofdt'ug in. 9. 83f. BS?
Permeability-limited distribution. 116
pH

of body areas affecting drug distribu—
tion. 1 1?

urinary. affecting tubular reabsorption
oftlrugs. 139

Fharmacctlynamics
and tolerance to drug effect. 3
basic concepts of. 2di-
definition of. 2. 268

introduction to. 1-19
clinically important equations for.1*!-

discussion points on. 19
review questions and answers on.

15-18

relationship to oharmacokinetics. 4. 2. 'i'f
Pharmacogenomics. 161
Pharmacokinetics

and drug concentrations in plasma and
tissues. 1-2. 2f

basic concepts in. 20-30
discussion points on.30
review questions and answers on.

28-29

clinical. 26'?

comportrnental models of. 7—9. Eff-9f
definition of. 1. 268

dose-dependent. 149-150. 150i. 1501‘-
15 if

of enayme-saturable drugs.
150-151. 151i

introduction to. 1—19
discussion points on. 19
review questions and answers on.

15-18

kinetic homogeneity in. 1. 2. 268
Iinear,149
Michaelis-Menten. 15 1-154. See also

Michaelis—Men ten pharmacoki-
netics

mixed-order. 150

model—independent. 166—120. See also
Model independent pharmaco-
kinetics

nonlinear. 149—159

relationship to pharmacodynamics. 7. 2f
relationships among parameters in.

38-39. 65-80. See also Rela-
tionships of pharmacoklnetic
parameters
and tolerance to drug effect. 3
sources ofvarlationin.159-1 63
time-d epe nd eat. 1 Slit

Phenobarbital

affecting metabolism of other drugs.
131i, 131, 222t

intrinsic clearance of. 134t

measurement of plasma concentrations.
164

steady-state concentration of. 53

therapeutic range for. fit
Phenothiaaine metabolism. 131t

Phenytoin. 231-241. 24-8
adverse effects of. 240

affecting metabolism of other drugs.
13“. 131.222t

 

ca se studies on. 233‘? 40
clearance of. 231. 2321'. 235-236. 237.

238-239. 239f
intrinsic. 134t

daily dose of. 232. 256
and steady-state plasma concentra-

tion. 232-239. 23‘."
increase in. 237

discussion points on. 24-8

dosing equations for. 256—252
dosing interval for. 232
extraction ratio for. 134

loading dose of. 233-234, 256
long-term monitoring of. 240
maintenance dose of. 233—234

adjustment of. 234432. 241

measurement of plasma concentrations.
164. 23 1. 233-235. 236, 232-233.
2411

metabolism of. 131t. 132t.231. 256

Michaelis—Menten pharmacokinetlds of.
151—154.153f. 231. 2351-2321321:
235-236,?56-257
clearance in. 23 1-232. 2321
in case studies. 235-236
linear plot of. 153i
plasma concentration in 23 1-232.232f

nonlinear pharmacokinetlcs of. 150.
150t, 231.233

protein binding of.6'i'.118t.119.119t,
231

albumin serum levels affecting.
119t

in renal failure. 121. 136-137. 1371'
valproic acid affecting. 120-121

steady-state plasma concentration of.
231. 235-236. 232-239. 2391’.
240-2411156251?

and daily dose, 23?. 238. 239. 239i
in renal failure. 13?. 137f

supratherapeutic unbound concentra-
tions of. 12 1

therapeutic range for: fit
Volume of distribution. 6?. 1 1?. 231.

233. 235. 236. 238. 256
and steady-state concentration.

2 3 S. 2 3 B
in renal failure. 121
valprolc acid affecting.120-121

zero—order elimination of. 26

Piroxicam metabolism. 13“
Plasma

compared to whole blood and serum. 22.
22f. 163

concentration of drugs in. See Concen-
tration ofdrugs

crcatinine concentration in. 179

definition of. 268

distribution in body: 22. 22f

fraction ofunbouno drug in, 119. 120.
133.135

Opiant Exhibit 2059
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc.

lPR2019-00685

Page 290

.L



protein binding in, 118-120. See also 
Protein binding of drugs 

volume of, 117, 120 

Polarization, and drug concentration, 165, 
165f 

Polymorphism, genetic, 131-132, 161 

Population estimates, 166 

for aminoglycosides, 181, 184, 185, 187, 
189, 191, 192, 251 

for digoxin, 244 

for phenytoin, 233, 234-235, 237, 238, 
241, 256 

for theophylline, 223, 225, 227 

for vancomycin, 204-207, 212, 213, 218, 
254 

Portal circulation, 134, 135f 

Post-antibiotic effect (PAE) of 
aminoglycosides, 197 

Potassium chloride, controlled-release 
formulation of, 106t 

Potency of drugs, 4 

Practice sets, 45-47, 93-97, 175-178 

Prediction of drug concentration 
accumulation factor in, 53 

at any given time, 34 

at steady state, 58 

for time curve, llf, 11-12 

in continuous infusions 71 

in intermittent infusions, 73-74 

in linear relationships, 13, 13f, 149 

of gentamicin, 13, 13f, 35, 74 

peak and trough levels in, 160 

relationships of pharmacokinetic 
parameters in, 38 

with compartmental models, 7 

with controlled-release 
preparations,106 

with Michaelis-Menten pharmaco
kinetics, 151-154 

with semilog scale, 12f, 12-13, 13f, 27, 
27f, 34 

Prediction of drug effects, 4, 4f 

Prednisone, 128, 131t 

Pregnancy, pharmacokinetic variations in, 163 

Primidone, therapeutic range for, 6t 

Probenecid interaction with penicillin, 139 

Procainamide, intrinsic clearance of, 134t 

Pro-drugs, 128, 232 

Prolonged-action formulations, 106 

Propoxyphene, 131t, 134t 

Propranolol 

affecting theophylline clearance, 222t 

clearance of, 24, 134, 134t 

extraction ratio for, 24, 134 

metabolism of, 24, 131t 

Propylene glycol, 234, 246 

Protein as assay interference, 165 

Protein binding of drugs, 118-120 

Q 

and effects of bound and unbound 
proteins, 118 

and volume of distribution, 67, 118-12 

association and dissociation process in, 
118, 118f 

clinical importance of, 120 

drug interactions affecting, 120-121 

in myocardial infarction, 137-138, 138f 

in renal failure, 121-122, 136-137 

of digoxin, llt, 121, 122, 258 

of commonly used agents, 118, 118t 

of digoxin, 118t, 121,122 

in renal failure, 121-122,244,245 

of phenytoin. See Phenytoin, protein 
binding of 

Quality control check in drug assays, 165 

Quinidine 

R 

affecting metabolism of other drugs, 
131t 

interaction with digoxin, 121 

intrinsic clearance of, 134t 

measurement of plasma concentrations, 
164 

therapeutic range for, 6t 

Ranitidine, steady-state concentration of, 54 

Rates 

absorption rate constant, 104-105 

elimination rate constant. See 
Elimination rate constant 

of drug infusion, 6 7, 68, 69 

Receptors 
concentration of drugs at, 1, 2-3, 3f 

definition of, 268 

Red-man syndrome, 207 

Relationships of pharmacokinetic parameters, 
38-39, 38f-39f, 65-80 

discussion points on, 80 

in clearance changes, 67-68 

in continuous infusions, 68-72 

in dose changes, 66, 66f 

in dosing interval changes, 66, 66f, 73 

in elimination rate constant changes, 
65-66, 67, 72 

in intermittent infusions, 73-75 

in volume of distribution changes, 6 7f, 
67-68 

model-independent, 166-170 

of whole blood, plasma and serum, 22, 
22f 

review questions and answers on, 7 6-79 

Index 

Renal conditions. See Kidneys 

Residence time, mean, 166, 168-169, 268 

Residual line, 85-86, 85f-86f, 86t 

negative slope of, 85, 85f, 86, 105 

Residuals method, 85-86 

concentration points in, 85, 86t 

for absorption rate constant, 105 

Resistance to aminoglycosides, 197 

Riboflavin, nonlinear pharmacokinetics of, 
150t 

Rifampin affecting metabolism of other drugs, 
131t, 222t 

Risperidone metabolism, 131t 

Ritonavir affecting metabolism of other drugs, 
131t 

s 
St. John's wort-drug interactions, 131t 

Salicylates, nonlinear pharmacokinetics of, 
150t 

Sample collection and handling, 163-164, 165 

Sampling times for assays, 165 

Sanford Guide to Antimicrobial Therapy, 197, 
197t, 199 

Saturable elimination, 150, 150t, 151, 151f 

Secobarbital affecting metabolism of other 
drugs, 131t 

Semilog graph paper, 12f, 12-13, 13f, 27, 34 

Sensitivity of drug assay, 164, 165 

Sertraline, 131t 

Serum 
compared to whole blood and plasma, 

22, 22f, 163 

definition of, 268 

drug concentrations in, 22, 164 

separator tube, 163 

Short IV infusions in loading dose, 73, 73f 

Sildenafil, lOt, 25t 

Slope of curvilinear plot, 84-86, 84f-85f 

alpha, 85, 85f 

beta, 84f, 85f, 85-86 

in back-extrapolated line, 85 

in initial portion, 86 

in residual line, 85f, 85-86, 86t 

in terminal portion, 86 

Slope of straight-line plot, 31-32, 32f, 33 

and elimination rate, 32f, 32-33, 103 

determination of, 32, 32f 

Specificity of drug assays, 164 

Steady-state concentration of drugs, 53-55, 
137, 137f, 138, 138f, 251 

accumulation factor in, 56 

for aminoglycosides, 190 

and volume of distribution, 55, 58, 67, 
232 
in two-compartment models, 86-87 

281 

Opiant Exhibit 2059 
Nalox-1 Pharmaceuticals, LLC v. Opiant Pharmaceuticals, Inc. 

IPR2019-00685 
Page 291



282 
Concepts in Clinical Pharmacokinetics 

model-independent relationships, 
166, 169-170 

average concentration in multiple 
dosing, 57f, 57-58 

definition of, 268 

disease states affecting, 137-138, 137f-
138f 

dosing interval in, 53-54, 55, SSf, 55-56 

drug interactions affecting, 137, 137f 

elimination processes in, 53, 54, 54f, 
55, 58 

for commonly used drugs, time to reach, 
54t, 54-55 

half-life in, 53, 54, 54f, 54t, 55 

in continuous infusions, 68-71, 69f-70f 

with loading dose, 71 

in Michaelis-Menten kinetics, 152-153, 
153f, 154 

in oral administration, 105 

methods increasing, 55, SSf 

ofaminoglycosides, 188, 189, 191, 
194-195, 200 

of digoxin, 53, 54t, 243-246 

of phenytoin, 231,235-236,237-239, 
239f, 240-241, 256 

and daily dose, 237, 238, 239, 239f 

in renal failure, 136-137, 136f-137f 

of theophylline, 72, 224, 225, 226, 228 

of vancomycin, 54t, 204-205, 209, 
212-214 

prediction of, 58 

therapeutic range in, 56-57, 57f 

time required for 90% to be reached, 
154, 154f 

for phenytoin, 236-237, 238, 256 

with controlled-release preparations 
106, 106f 

Straight-line plots, 13, 13f 

equation fo1; 32, 33 

slope of, 32f, 32-33 

and elimination rate, 32f, 32-33, 
103, 103f 

y-intercept in, 31, 32f 

Sulfasalazine, 128, 132t 

Sulfonamide metabolism, 132t 

Sulfoxidation in drug metabolism, 132t 

Superposition principle, 50, 74 

Sustained-release formu lations, 103, 106, 107 

of theophylline, 106, 228 

Synthetic reactions in drug metabolism, 130 

T 

Tacrine, 131t 

Tacrolimu·s metabolism, 131t 

Tamoxifen metabolism, 132t 

Theophylline, 5, 6f, 221-229 
adverse effects of, 224, 226 

aminophylline dose equivalent, 221, 223 

case studies on, 221-228 

clearance of 134t, 136, 221, 223-228, 
255 
cimetidine affecting, 136f, 222t 

disease states and drugs affecting, 
221, 222t 

in case studies, 222-228 

with controlled-release products, 
107-108 

continuous IV infusion of, 69, 70, 73, 
221, 224, 224f 

loading dose in, 72 

controlled-release formulations of, 106, 
106t 

clearance estimation, 107 

discussion points on, 229 

dose adjustment in liver dysfunction, 
161 

dosing equations on, 255 

dosing interval fo1; 224, 228 

elimination rate constant for, 226 

first-order pharmacokinetics of, 221 

half-life of, 224 

infusion rate of, 223, 225 

interaction with other drugs, 222t 

cimetidine, 131t, 136t, 163, 222t 

ciprofloxacin, 136 

oral contraceptives, 222t 

interpatient variability in concentration 
and response to, 5, 6f 

loading dose of, 222-223, 223f, 225, 227, 
255 

maintenance dose of, 224-228, 255 

metabolism of, 131t, 221 

cimetidine affecting, 131t, 136f, 
163, 222t 

ciprofloxacin affecting, 136 

nonlinear pharmacokinetics of, 150, 
150t, 151, 221 

oral administration of, 221, 228 

steady-state concentration of, 69, 70, 
224, 225, 226, 228 

sustained-release of, 106, 228 

volume of distribution, 222, 223, 225, 
226, 227, 255 

Therapeutic drug monitoring, 4-6. See also 
Monitoring of drug levels 

definition of, 4, 268 

Therapeutic range, 4, 4f, 6, 6t 

definition of, 268 

in continuous IV infusions with loading 
dose, 71 

maintenance of plasma drug concentra
tions in, 55-56, 56f 

Thiopental pharmacokinetic variations in 
obesity, 162 

Time after dose 

and clearance, 23, 23f 

and drug presence at site of action, 6 

and first-order elimination, 25-27, 26f, 
26t, 27f 

and plasma concentration of drug, 1-2, 
4-5, Sf, 11-12, 11f-13f, 19f 

elimination rate constant in, 33, 
34-35 

in half-life, 35f, 35-36 

natural log of, 31-32, 32f, 33 

prediction of, 33 

and zero-order elimination, 25f, 25t 

Time-dependent pharmacokinetics, 150t 

Time zero (t0), 21, 22f, 33 

in two-compartment models, 84 

Tissue drug concentrations, 1, 2, 2f, 6-9, 22, 
116 

and plasma concentration, 117, 117f 

disease states affecting, 116 

fraction of unbound drug in, 117, 120 

Tobacco affecting drug metabolism, 131t 
of theophylline, 131t, 222t, 225 

Tobramycin dosing regimens, 182 

and desired plasma concentration, 184 

extended-interval, 197, 197t, 198, 198f, 
199, 253 

Tolerance to drug effect, 3-4, 4f, 269 

Total body elimination, 138 

Toxic effects, 4 

of chloramphenicol, 131 

of vancomycin, 203 

Trapezoidal rule 

in AUC calculation, 38-39, 39f, 39, 103, 
167 

in AUMC calculation, 168, 168f 

Trauma, volume of drug distribution in, 68 

Tricyclic antidepressants, metabolism of, 131t 

Triglycerides as assay interference, 165 

Trough concentrations of drugs 

dosing interval affecting, 66 

elimination rate constant affecting, 65 

in extended interval dosing, 199-201 

in intermittent infusions, 73 

in intravenous bolus administration, 
52-53, 52f 

at steady state, 53, 55, 56, 57 

in therapeutic range, 55-56, 56f 

prediction of, 53, 55 

of aminoglycosides, 160, 184-187, 188, 
190-19~191t 19~200 

of vancomycin, 203-206,208-216, 214f, 
217-218,254-255 

at steady state, 204-205, 209, 
212-214 

desired, 205, 206, 213, 215, 216, 
217-218 

measured, 214,216,217-218 

with controlled-release formulations, 
106, 107 

Tubular reabsorption of drugs, 138, 139 

Two-compartment models, 7-8, Sf, 81-91 
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biexponential curve in, 82, 86, 87, 87f 

biexponential equation in, 86 

calculation of parameters in, 84-86 

compared to one-compartment models, 
8, 9f, 81, 82, 84, 86, 87 

concentration versus time plot in, 81, 82, 
82f, 84, 84f, 87 

discussion points on, 91 

drug distribution in, Sf, 8-9, 82, 83f, 
84-87 

stages of, 83f 

volume of, 86-87 

elimination process in, 9, 82, 83f, 84-86, 
86f, 87, 87f 

review questions and answers on, 88-90 

vancomycin in, 82, 84, 87, 203, 204f 

Unbound drug in plasma, fraction of, 117, 
118, 120, 133 

Urea, tubular reabsorption of, 139 

Urinary excretion of drugs, 140-142 

v 

and metabolites, 169f, 169-170, 170t 

ratio to plasma concentration, 139 

Valproic acid 

affecting metabolism of other drugs, 
120, 131 

and phenytoin volume of distribution, 
120-121 

therapeutic range for, 6t 

Valsartan, lOt, 25t 

Vancomycin, 203-219 

biexponential el imination of, 203 

case studies on, 205-218 

cross-reactivity in assays, 164-165 

crystalline degradation product 1 
(CDP-1), 164-165 

dosing equations for, 254-255 

dosing interval for, 254 

and time to hold a dose, 215 -216 

calculation of, 204, 205, 254, 255 

in case studies, 204, 205-207, 209, 
211-218 

elimination rate constant for, 204, 
206-208, 208f, 209-210, 212-215, 
217,218 

calculation of, 208, 208f, 209, 210, 
212, 213, 214, 215, 217, 218, 
254,255 

first-order elimination of, 26 

half-life of, 37, 37t, 87, 204, 206-210, 
216 

infusion rate of, 206, 212-215, 217 

in one-compartment model, 205, 205f, 
207, 207f, 212 

in two-compartment model, 84, 87, 203, 
204f 

loading dose f01; 106, 207, 207f, 210, 
210f, 211 

maintenance dose fot; 208-209,211-215, 
217, 254, 255 

initial, 204 

peak and trough concentrations of, 204f-
205f, 205-207, 207f-208f, 209-212, 
214,217,254-255 

at steady state, 204-205, 209, 
212-214 

desired, 205, 206, 207, 210, 213, 
215-217 

measured, 214,216,217 

plasma concentration versus time curve 
fo1; 203, 204f, 205, 205f, 208 

prediction of plasma concentrations, 
34, 34f 

protein binding of, 118t 

steady-state concentration of, 54t, 
204-205, 209, 212-214 

volume of distribution, 116, 204, 254 

calculation of, 206, 208, 210, 214, 
217 

in case studies, 206-210, 212-215, 
217-218 

Variations, pharmacokinetic, 5 

and validity of samples collected, 
163-166 

discussion points on, 174 

review questions and answers on, 
171-173 

sources of, 159-163 

Venlafaxine metabolism, 131t 

Verapamil 
affecting theophylline clearance, 222t 

intrinsic clearance of, 134t 

metabolism of, 131t 

Volume of distribution (V), lOt, 10-11, llt, 
21-22,54 

and body weight, 116 

for aminoglycosides, 184, 185, 251 

and clearance, 22, 38, 103, 251 

and elimination rate constant, 38, 103, 
250 

and loading dose, 71, 117 

apparent, 21, 67 

by area, 86, 103 

changes affecting plasma drug 
concentrations, 67, 68, 68f 

definition of, 269 

disease states affecting, 116, 121-122, 
160-161 

drug interactions affecting, 119-122 

elimination processes affecting, 11, llf, 
21 

equation for, 11, 21 

factors affecting, 67, 68, 116-120 

w 

Index 

for am inoglycosides, 182-184, 191 

and ideal body weight, 184, 185, 
251 

calculation of, 193-194 

for digoxin, 242, 247, 248, 258 

in renal failure, 121 

quinidine affecting, 121 

for phenytoin, 67,117,231,233,235, 
236, 238, 256 

and steady-state concentration, 
235, 238 

in renal failure, 121 

valproic acid affecting, 120-121 

for theophylline, 222, 223, 225, 226, 
227, 255 

for vancomycin, 116, 204, 254 

calculation of, 206, 208, 210, 214, 
217 

in case studies, 206-210, 212-215, 
217-218 

in central compartment, 86 

in intravenous bolus administration, 58 

in oral or intramuscular administration, 
103 

in traumatic or burn injuries, 68 

in two-compartment models, 86 

of commonly used drugs, lOt 

physiologic model of, 117-118 

protein-binding affecting, 67, 118-121 

steady-state, 55, 58, 67 

definition of, 268 

in two-compartment model, 86 

model-independent relationships, 
166, 168 

Warfarin 

intrins ic clearance of, 134t 

metabolism of, 131t, 132 

Weight. See Body weight 

Well-stirred model of hepatic clearance, 133, 
138 

X 

x-ax is, 31, 33, 38 

y 

y-ax is, 21, 33 
intercept of, 33 

in back-extrapolated line, 84 

in one-compartment model, 50 

in renal clearance, 140, 141, 141f 
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z 

in two-compartment models, 84 

of residual line, 85 

of straight-line plot, 31, 32f 

Zafirlukast affecting metabolism of other 
drugs, 131t 

Zero-order pharmacokinetics 
and mixed-order pharmacokinetics, 150 

in absorption, 106 

in elimination, 25f, 25-27, 26f, 26t-27t, 
151 
and plasma drug concentration, 

25t, 26, 26f 

compared to first-order 
elimination, 25f 

definition of, 269 

Zidovudine steady-state concentration, 54 
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